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Abstract

Background Acute kidney injury (AKI) following major

heart surgery (MHS) is associated with early decrease in

renal blood flow and worsened prognosis. Doppler-derived

renal resistive index (RRI), which reflects renal vascular

resistance, may predict the development of AKI in patients

undergoing MHS.

Methods We studied 60 consecutive patients (mean age

69.5 years, range 30–88, 41 males) undergoing MHS. We

measured RRI, both at the renal sinus and intraparenchy-

mally, by transesophageal echo-Doppler ultrasound (TE-

EDus) at anesthesia induction and at the end of surgery in

all patients. Additionally, we measured RRI by external

transparietal echo-Doppler ultrasound (TP-EDus) at the

following time points: anesthesia induction, end of surgery,

4 and 24 h from cardiopulmonary bypass (CPB) start. We

also measured serum neutrophil gelatinase associated

lipocalin (NGAL) at the same time points.

Results AKI [serum creatinine (sCr) increase C0.3 mg/dl

vs. baseline within 72 h] developed in 23/60 (38.3 %)

patients, with two requiring dialysis. Systemic hemody-

namic parameters were similar in the patients who devel-

oped AKI (AKI?) and in those who did not (AKI-).

Intraparenchymal RRI at end-surgery was significantly

higher in AKI? compared to AKI- patients, both at TE-

EDus and TP-EDus (TE-EDus mean difference, p = 0.004;

TP-EDus mean difference, p = 0.013; difference between

TE-EDus and TP-EDus results, p = 0.066), although the

predictive performance was limited with both methods

(area under the curve [AUC] of the receiver-operator

characteristics: 0.71 and 0.70 for TE-EDus and TP-EDus,

respectively). Serum NGAL values were higher in

AKI ? than in AKI- patients (anesthesia induction,

p = 0.037; end-surgery, p = 0.007; 4 h from CPB start,

p = 0.093; 24 h from CPB start, p = 0.024. However,

combining RRI with serum NGAL at end-surgery did not

provide a clear-cut advantage in predicting AKI.

Conclusions In patients undergoing MHS, increased

echo-Doppler ultrasound-derived RRI at end-surgery is

significantly associated with the risk of AKI, but has lim-

ited practical utility for identifying the patients who will

develop AKI.

Keywords Acute kidney injury � Resistance, vascular �
Echocardiography, transesophageal � Doppler ultrasound
imaging � Heart surgery

Introduction

Acute kidney injury (AKI) is a frequent postoperative com-

plication in patients undergoingmajor heart surgery (MHS); its

incidence varies according to the different definitions, but
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reaches 30 %, with 1–5 % of the patients requiring renal

replacement therapy (RRT) [1–15].Mortality is 50–70 % in the

latter group [1–14], yet even minor increases in serum crea-

tinine (sCr) may impact negatively on outcomes [15–17].

Kidney hypoperfusion due to intrarenal vasoconstriction

during cardiopulmonary bypass (CPB) and aortic cross

clamping (ACC) plays a pivotal role in the development of

AKI after MHS [18, 19]. Changes in intrarenal resistance

can be tracked by renal Doppler ultrasonography [20, 21].

Intriguingly, two recent studies [22, 23] reported that the

renal resistive index (RRI), obtained by transparietal echo-

Doppler ultrasound (TP-EDus) soon after the end of sur-

gery, predicted accurately the occurrence of AKI in the

early postoperative period. However, technical limitations

may be encountered with TP-EDus (e.g. poor kidney

visualization due to improper patient positioning and/or

interference with the surgical field). Conversely, the

transesophageal echo-Doppler ultrasound (TE-EDus) tech-

nique offers a unique opportunity to obtain a good kidney

visualization during the entire surgical time [24].

In the present study, in 60 patients undergoing MHS we

tested whether RRI, as assessed with TE-EDus and TP-

EDus at the end of surgery, as well as in the early post-

operative period with the latter technique, could predict the

subsequent occurrence of AKI.

Methods

Patients

This study was conducted at the Cardiac Surgery Unit of the

University Hospital of Parma, Italy, where approximately

650 interventions are performed each year. We enrolled 60

consecutive patients undergoing MHS between June 1st and

October 31st 2014 for coronary artery disease (CAD),

valvular heart disease (VHD) or combined CAD and VHD.

Exclusion criteria were previous esophageal surgery, eso-

phageal diseases, atrial fibrillation, emergent cardiac sur-

gery, end-stage renal disease requiring dialysis, known renal

artery stenosis, and kidney malformations. AKI was defined

as sCr increase C0.3 mg/dl within 72 h of surgery. Addi-

tionally, AKI stage 2 was defined as sCr increase 2.0–2.9

times the preoperative value, andAKI stage 3 as sCr increase

C3.0 times the preoperative value or need for RRT.

All patients provided written informed consent. The

study protocol was approved by the local Ethics Committee

(Comitato Etico per Parma).

Hemodynamic measurements

After anesthesia induction, a Swan-Ganz catheter, a

transesophageal ultrasonography probe, a Foley catheter,

and temperature probes (esophageal and bladder) were

inserted. During mechanical ventilation, partial pressure of

arterial carbon dioxide (PaCO2) was kept between 4.7 and

5.3 kPa. Non-pulsatile CPB (Medtronic Century System,

Medtronic, Sesto San Giovanni, Italy) was performed with

constant flow rate at 2.4 l/min/m2, mean arterial pressure

(MAP) at 50–70 mmHg and body temperature at

32–34 �C.
Cardiac output, mean pulmonary artery pressure, pul-

monary wedge pressure, central venous pressure (Swan-

Ganz catheter), systolic/diastolic and mean systemic arte-

rial pressure (radial artery catheter) were measured at

anesthesia induction, at the end of surgery, at 4 h and at

24 h from CPB start. Systemic vascular resistances and

pulmonary vascular resistances were derived as 80*(mean

systemic arterial pressure—central venous pressure)/car-

diac output and 80*(mean pulmonary artery pressure—

pulmonary wedge pressure)/cardiac output, respectively, at

the same time points.

Renal ultrasonography

The details of renal echo-Doppler examination through

the transesophageal and the transparietal techniques are

reported separately in the Online Resource. Briefly, RRI

was assessed by TE-EDus at the level of the renal sinus

(renalsinus-RRI) and at the level of the interlobar/arcu-

ate arteries (intrarenal-RRI) at anesthesia induction and

at the end of surgery. Intrarenal-RRI was also assessed

by TP-EDus at anesthesia induction, at the end of sur-

gery, at 4 h and at 24 h from CPB start. In a portion of

the study population (n = 32) we were also able to

assess baseline intrarenal-RRI by TP-EDus 12–24 h

prior to surgery, depending on the scheduled time of

patients’ admission. The timing and modes of echo-

Doppler ultrasound assessment of RRI are depicted in

Fig. 1.

Since intrarenal-RRI values at TP-EDus did not differ

significantly between the two kidneys at any time point

(Table 1s in the Online Resource), they were pooled and

averaged at each time point.

Laboratory measurements

Routine laboratory measurements were performed by

standard analytical methods. sCr values were measured on

the surgery day in the morning, and at the time of the

patient’s arrival in the intensive care unit (ICU), then at

24 h after CPB start, and daily thereafter. Serum neutrophil

gelatinase associated lipocalin (NGAL) was measured by a

fluorescence immunoassay (Triage NGAL, Alere S.r.l.,

Scorzè, Italy) at anesthesia induction, at the end of surgery,

at 4 h and at 24 h after CPB start.
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Statistical analysis

Demographic, anthropometric, ultrasonography and labo-

ratory data are reported as mean ± standard deviation (SD)

or median (range), as appropriate. Two-sample differences

in continuous variables were compared by the t test or the

Mann–Whitney test, as appropriate, while differences in

categorical variables were compared by the Pearson’s Chi-

squared test. Within-subject changes in parameters were

examined by the paired t test.

Multivariable logistic models were used to examine the

relation between the ultrasonography indexes or their

combination with serum NGAL and the incidence of AKI,

whereas ordinary least square regression models were used

to examine the relation of the ultrasonography indexes with

serum NGAL (log-transformed) and MAP. The regression

coefficients of the renal resistive indexes were expressed

per 1 standard deviation unit. Forward-stepwise selection

estimation (p\ 0.05 for addition to the model) was used to

identify independent predictors among the following vari-

ables: age, gender, diabetes, type of surgery, preoperative

sCr, CPB time, ACC time, intraoperative fluid balance, and

need for transfusions. The discriminatory ability of resis-

tive indexes and serum NGAL in predicting the occurrence

of AKI was evaluated by the area under the receiver

operating characteristic curve (AUC). A two-tailed p value

of\0.05 was considered statistically significant.

We calculated that a sample of 60 patients would yield

90 % power to detect a 0.11 difference in intrarenal RRI

(two-sided alpha 0.05) and 80 % power to detect a 0.20

difference in AUC for the discrimination between AKI?

and AKI- patients (one-sided alpha 0.025). Details of

power and sample size calculation are provided in the

Online Resource. All statistical analyses were performed

with SPSS version 21 (SPSS, Chicago, IL, USA).

Results

Patients

Patients’ general characteristics are reported in Table 1

(left column). Sixty-seven percent had peripheral vascular

disease; 48 % had left ventricular dysfunction, defined as

ejection fraction \0.50, and 17 % had had an acute

myocardial infarction in the 6 months preceding surgery.

In line with this high vascular risk profile, one-third of the

patients had underlying chronic kidney disease (CKD),

defined as estimated glomerular filtration rate (eGFR)

\60 ml/min/1.73 m2. Although intrarenal-RRI values at

Fig. 1 Scheme of the timing and modes of echo-Doppler ultrasound

assessment of renal resistive index. TE transesophageal echo-Doppler

approach, TP transparietal echo-Doppler approach. Asterisk TP echo-

Doppler ultrasound assessment of intraparenchymal renal resistive

index was also assessed 12–24 h prior to surgery in 32 patients,

depending on the time of admission
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baseline by TP-EDus were slightly higher in the patients

with eGFR\60 ml/min/1.73 m2 than in those with eGFR

C60 ml/min/1.73 m2, this difference was not statistically

significant (0.68 ± 0.03 vs. 0.63 ± 0.07, p = 0.10).

The type of MHS undergone was: coronary artery

bypass grafting (CABG) in 34 % of patients, valvular

surgery in 48 %, and combined CABG and valvular sur-

gery in 18 %. Within the first 72 h of surgery, 23/60

patients (38.3 %) developed AKI. Among the 23 patients

with AKI, peak sCr occurred on postoperative day 1 in 15

(65.2 %), on postoperative day 2 in 4 (17.4 %) and on

postoperative day 3 in 4 (17.4 %). Two patients had AKI

stage 2 and two had AKI stage 3. These latter two patients

underwent RRT (sustained low-efficiency dialysis). Two

patients (3.3 %) died, both in the AKI? group. One patient

was still under CPB after 4 h and died soon after arrival in

the ICU. This patient was eliminated from further analyses,

as he had no valid hemodynamic or Doppler data after

anesthesia induction.

As shown in Table 1, there were no significant differ-

ences in baseline comorbidities among the patients with or

without AKI; preoperative sCr was slightly yet signifi-

cantly higher in AKI? patients. There was no significant

difference between baseline intrarenal-RRI by TP-EDus in

AKI? vs. AKI- patients (0.66 ± 0.06 vs. 0.64 ± 0.07,

p = 0.34).

As shown in Table 2, no significant differences were

observed between AKI? and AKI- patients regarding the

overall duration of surgery, ACC time, CPB time, type of

surgery, and need for intraoperative vasopressors; overall,

AKI? patients had a greater need for transfusions and a

slightly more positive intraoperative fluid balance

(Table 2).

Systemic hemodynamics

Mean arterial pressure values during surgery and in the

postoperative period were slightly but not significantly

lower in AKI? patients (p = 0.086) (Fig. 1s in the Online

Resource). There was no significant difference in the

overall duration of hypotensive episodes (MAP

\60 mmHg) during CPB (Table 2). The change in MAP at

end-surgery (value at end-surgery minus value at baseline)

was also similar between AKI? and AKI- patients

(Table 2).

No significant differences between AKI ? and AKI-

patients were detected in hemodynamic invasive indexes at

the pre-specified time points (anesthesia induction: cardiac

index [CI] 1.9 ± 0.5 vs. 1.7 ± 0.5 l/min/m2, p = 0.33;

systemic vascular resistance index [SVRI] 3086 ± 1102

vs. 3293 ± 1143 dyne s/cm5/m2, p = 0.47; pulmonary

capillary wedge pressure [PCWP] 15.8 ± 4.7 vs.

Table 1 Baseline characteristics of study patients

All patients Patients w/o AKI (n = 37) Patients with AKI (n = 23) p

Age, years 69.5 (12.4) 69.2 (11.1) 70.0 (14.5) 0.80

Male sex, n (%) 41 (68.3) 26 (70.3) 15 (65.2) 0.68

BMI, kg/m2 26.0 (4.2) 25.7 (4.3) 26.5 (4.0) 0.44

Active smoker, n (%) 25 (41.7) 15 (40.5) 10 (43.5) 0.82

Hypertension, n (%) 41 (68.3) 24 (64.5) 17 (73.9) 0.46

Diabetes, n (%) 16 (26.7) 9 (24.3) 7 (30.4) 0.62

PVD, n (%) 40 (66.7) 23 (62.2) 17 (73.9) 0.22

AMI in the previous 6 months, n (%) 17 (28.3) 8 (21.6) 9 (39.1) 0.14

EF\ 50 %, n (%) 29 (48.3) 18 (48.6) 11 (47.8) 0.87

Logistic EuroSCORE (dimensionless)� 7 (1–15) 7 (1–12) 7 (2–15) 0.13

Baseline serum creatinine, mg/dl 1.1 (0.3) 1.0 (0.3) 1.2 (0.4) 0.036

eGFR, ml/min/1.73 m2� 67.5 (27.0–128.0) 72.0 (36.0–128.0) 63.0 (27.0–121.0) 0.039

eGFR\ 60 ml/min/1.73 m2, n (%) 20 (33.3) 9 (24.3) 11 (47.8) 0.063

Type of surgery

CABG, n (%) 20 (33.3) 11 (29.7) 9 (39.1) 0.45

Valvular, n (%) 29 (48.4) 19 (51.4) 10 (43.5) 0.55

Mixed, n (%) 11 (18.3) 7 (18.9) 4 (17.4) 0.88

Data are reported as mean (SD), unless otherwise specified
� Median (range)

AKI acute kidney injury, AMI acute myocardial infarction, BMI body mass index, CABG coronary artery bypass grafting, EF ejection fraction,

eGFR estimated glomerular filtration rate (4-variable MDRD equation), PVD peripheral vascular disease
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13.3 ± 4.1 mmHg, p = 0.071; central venous pressure

[CVP] 9.7 ± 2.7 vs. 9.1 ± 2.9 mmHg, p = 0.37. Two

hours from CPB start: CI 2.8 ± 0.6 vs. 2.8 ± 0.6 l/min/m2,

p = 0.78; SVRI 1738 ± 464 vs. 1906 ± 558 dyne s/cm5/

m2, p = 0.34; PCWP 17.1 ± 4.3 vs. 15.0 ± 3.3 mmHg,

p = 0.11; CVP 14.3 ± 3.8 vs. 12.5 ± 2.4 mmHg,

p = 0.16. Four hours from CPB start: CI 2.6 ± 0.9 vs.

2.5 ± 0.6 l/min/m2, p = 0.76; SVRI 2202 ± 932 vs.

2835 ± 3309, dyne s/cm5/m2, p = 0.34; PCWP 14.8 ±

4.9 vs. 13.6 ± 4.6 mmHg, p = 0.50; CVP 12.6 ± 3.5 vs.

12.3 ± 4.4 mmHg, p = 0.59. Twenty-four hours after

CPB start: CI 2.8 ± 0.6 vs. 2.8 ± 0.6 l/min/m2, p = 0.98;

SVRI 1745 ± 369 vs. 1875 ± 817 dyne s/cm5/m2,

p = 0.15; PCWP 13.0 ± 6.0 vs. 12.9 ± 5.2 mmHg,

p = 0.74; CVP 15.8 ± 22.2 vs. 11.0 ± 6.1 mmHg,

p = 0.91).

Resistive indexes in the intra- and postoperative

period

Intraclass correlation coefficient and coefficient of varia-

tion of TP-EDus measurements were 98.6 % (95 % confi-

dence interval: 97.3–99.3) and 1.0 % (0.8–1.3),

respectively. While we observed a trend towards a decrease

of RRI values during the early postoperative period com-

pared to those at anesthesia induction in the patients who

did not develop AKI, this trend was not apparent in the

patients who developed AKI, at either TE-EDus (Fig. 2) or

TP-EDus (Fig. 3). However, percent changes in RRI values

relative to anesthesia induction did not differ significantly

between AKI? and AKI- patients at end-surgery

Table 2 Intra/postoperative variables

All patients Patients w/o AKI

(n = 37)

Patients with AKI

(n = 23)

p

Surgery time, min 255 (80) 242 (60) 275 (102) 0.12

CPB time, min (�) 118 (60 to 190) 110 (60 to 190) 130 (75 to 517) 0.64

Aortic cross clamping time, min (�) 83 (30 to 180) 81 (30 to 180) 90 (39 to 150) 0.94

Mean CPB flux (ml/kg/h) 61 (7) 61 (8) 59 (6) 0.28

MAP during CPB (mmHg) 69 (7) 69 (6) 69 (7) 0.91

Time with MAP\ 60 mmHg, min (�) 15 (0 to 105) 0 (0 to 90) 15 (0 to 105) 0.78

DMAP at end-surgery vs. anesthesia induction, mmHg

(�)
3 (-59 to 34) 2 (-59 to 34) 3 (-18 to 14) 0.46

Patients with intraoperative need for amines, n (%) 23 (38.3) 14 (37.8) 9 (39.1) 0.36

Treated with dopamine, n (%) 2 (3.3) 1 (2.7) 1 (4.3) 1.00

Treated with dobutamine, n (%) 17 (28.3) 10 (27.0) 7 (30.4) 0.78

Treated with noradrenaline, n (%) 16 (26.7) 10 (27.0) 6 (26.1) 0.94

Intraoperative fluid balance (ml) (�) 2200 (700 to 4800) 2100 (950 to 4050) 2700 (700 to 4800) 0.046

Need for transfusions, n (%) 37 (61.7) 19 (51.4) 18 (78.3) 0.037

Time on ventilator, h (�) 18 (9 to 768) 18 (11 to 78) 19 (9 to 768) 0.11

Data are reported as mean (SD), unless otherwise specified
� Median (range)

AKI acute kidney injury, CPB cardiopulmonary bypass, MAP mean systemic arterial pressure

Fig. 2 Intraparenchymal renal resistive index (intrarenal-RRI) at

transesophageal echo-Doppler ultrasound (TE-EDus) during the

intraoperative period. Black open circles, patients who did not

develop acute kidney injury within the first 72 h of the postoperative

period (AKI-); red filled triangles, patients who developed acute

kidney injury within the first 72 h of the postoperative period (AKI

?). Dashed lines represent mean intrarenal-RRI value for AKI-

patients; solid lines represent mean intrarenal-RRI value for AKI?

patients. **p\ 0.01; *p = 0.053, AKI? vs. AKI- patients (color

figure online)
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(difference of change in renalsinus-RRI, intrarenal-RRI at

TE-EDus and intrarenal-RRI at TP-EDus, p = 0.48,

p = 0.48, and p = 0.56, respectively) or in the subsequent

postoperative period (difference of change in intrarenal-

RRI at 4 h and 24 h from CPB start at TP-EDus, p = 0.17

and p = 0.93, respectively). At end-surgery intrarenal-RRI

values were significantly higher in AKI ? than in AKI-

patients, measured by either TE-EDus (p = 0.004; Fig. 2)

or TP-EDus (p = 0.013; Fig. 3). At 4 h from CPB start the

difference between AKI? and AKI- patients measured by

TP-EDus was even more evident (p = 0.005; Fig. 3). In-

trarenal-RRI values by TE-EDus at anesthesia induction

were also marginally higher in AKI? than in AKI-

patients (p = 0.053; Fig. 2), while no difference was

observed by TP-EDus (p = 0.64; Fig. 3). Intrarenal-RRI

values obtained with TE-EDus and TP-EDus did not differ

significantly, either at end-surgery or anesthesia induction

(p = 0.066 and p = 0.70, respectively). Renalsinus-RRI

differences between AKI? and AKI- patients showed a

pattern similar to that of intrarenal-RRI (p = 0.043 and

p = 0.38 at end-surgery and anesthesia induction, respec-

tively; Fig. 4). End-surgery intrarenal-RRI was marginally

higher in the patients who received than in those who did

not receive vasopressors during surgery (p = 0.045), while

no differences were observed in the other renal echo-

Doppler indexes between these two groups (Table 2s in the

Online Resource).

A significant negative correlation was found in AKI?

patients between MAP and intrarenal-RRI measured by

either TE-EDus (r = -0.35, p = 0.012) or TP-EDus

(r = -0.43, p = 0.001); a similar negative correlation

with MAP was found for renalsinus-RRI in this group

(r = -0.37, p = 0.021). In AKI- patients, a negative

correlation with MAP was found only for intrarenal-RRI

by TP-EDus (r = -0.25, p = 0.015) and renalsinus-RRI

(r = -0.31, p = 0.027).

Relation between resistive indexes and NGAL

Serum NGAL values increased progressively from anes-

thesia induction to 4 h after CPB start, and then decreased

at 24 h after CPB start, both in AKI? and in AKI-

patients. However, serum NGAL values were higher in the

former group (anesthesia induction: 131.1 ± 75.6 vs.

103.3 ± 76.3 ng/ml, p = 0.037; 2 h from CPB start:

305.8 ± 155.1 vs. 214.9 ± 134.7 ng/ml, p = 0.007; 4 h

from CPB start: 298.2 ± 174.0 vs. 246.9 ± 188.1 ng/ml,

p = 0.093; 24 h from CPB start: 264.3 ± 225.2 vs.

148.4 ± 96.1 ng/ml, p = 0.024). Serum NGAL (log-

transformed) significantly correlated with both intrarenal-

RRI (r = 0.20, p = 0.025) and renalsinus-RRI (r = 0.21,

p = 0.032) measured by TE-EDus but not with intrarenal-

RRI measured by TP-EDus (r = 0.04, p = 0.61).

Fig. 3 Intraparenchymal renal resistive index (intrarenal-RRI) at

transparietal echo-Doppler ultrasound (TP-EDus) during the intraop-

erative period. Black open circles patients who did not develop acute

kidney injury within the first 72 h of the postoperative period

(AKI-); red filled triangles patients who developed acute kidney

injury within the first 72 h of the postoperative period (AKI?).

Dashed lines represent mean intrarenal-RRI value for AKI- patients;

solid lines represent mean intrarenal-RRI value for AKI? patients.

CPB cardiopulmonary bypass. **p\ 0.01; *p\ 0.05, AKI? vs.

AKI- patients (color figure online)

Fig. 4 Renal resistive index at renal sinus (renalsinus-RRI) at

transesophageal echo-Doppler ultrasound (TE-EDus) during the

intraoperative period. Black open circles, patients who did not

develop acute kidney injury within the first 72 h of the postoperative

period (AKI-); red filled triangles, patients who developed acute

kidney injury within the first 72 h of the postoperative period

(AKI?). Dashed lines represent mean renalsinus-RRI value for AKI-

patients; solid lines represent mean renalsinus-RRI value for AKI?

patients. *p\ 0.05 AKI? vs. AKI- patients (color figure online)

248 J Nephrol (2017) 30:243–253

123



Predictive ability of resistive indexes

for the development of AKI

At univariate regression analysis, preoperative sCr, end-

surgery intrarenal-RRI by either TE-EDus or TP-EDus, and

intrarenal-RRI at 4 and 24 h after CPB start by TP-EDus

were significantly associated with the subsequent devel-

opment of AKI (Table 3s in the Online Resource). Logistic

EuroSCORE, intraoperative fluid balance and need for

transfusion were also marginally associated with the

development of AKI (Table 3s in the Online Resource).

After adjusting for preoperative sCr, logistic EuroSCORE,

intraoperative fluid balance and need for transfusion, end-

surgery intrarenal-RRI measured by either TE-EDus [ad-

justed odds ratio (adjOR) 2.58 (1.28–5.20), p = 0.008] or

TP-EDus [adjOR 2.15 (1.13–4.10), p = 0.020] were asso-

ciated with the development of AKI; intrarenal-RRI at 4 h

[adjOR 3.45 (1.56–7.64), p = 0.002] and 24 h [adjOR 2.12

(1.03–4.36), p = 0.042] from CPB start measured by TP-

EDus were also associated with AKI development at mul-

tivariable logistic regression analysis. Forcing MAP for

inclusion into the multivariable regression model produced

only modest changes in the point estimates for end-surgery

intrarenal-RRI by TE-EDus [adjOR 2.28 (1.14–4.57),

p = 0.020] and end-surgery intrarenal-RRI by TP-EDus

[adjOR 1.95 (1.02–3.73), p = 0.043], while the association

of intrarenal-RRI at 4 h (p = 0.26) and 24 h (p = 0.073)

from CPB start with AKI was no longer significant.

Receiver-operator curve (ROC) analysis for AKI pre-

diction of end-surgery intrarenal-RRI was AUC 0.71

(0.56–0.86) and 0.70 (0.55–0.84) for TE-EDus and TP-

EDus, respectively; therefore these indexes had only limited

accuracy in discriminating between AKI? and AKI-

patients, without a difference between the two techniques

(p = 0.86). In fact, a cut-off value of 0.67 for end-surgery

intrarenal-RRI at TE-EDus had 67 % sensitivity and 64 %

specificity for the identification of AKI ? patients; the

corresponding sensitivity and specificity for the same cut-

off at TP-EDus was 50 % and 71 %, respectively.

End-surgery serum NGAL had similar accuracy in dis-

criminating between AKI ? and AKI- patients at ROC

analysis [AUC 0.71 (0.58–0.85)]. A cut-off value of

225 ng/ml for end-surgery serum NGAL had 73 % sensi-

tivity and 65 % specificity for the identification of AKI?

patients.

The patients with both intrarenal-RRI at TE-EDus above

0.67 and serum NGAL above 225 ng/ml had a higher risk

of developing AKI in the postoperative period at multi-

variable regression analysis [adjOR 11.33 (2.67–48.14),

p = 0.001]. However, the combination of end-surgery in-

trarenal-RRI at TP-EDus and serum NGAL values was not

significantly associated with increased AKI risk [adjOR

5.04 (0.96–26.39), p = 0.055].

Compared with AKI- patients, end-surgery intrarenal-

RRI values measured by TE-EDus were significantly higher

in those who developed AKI stage 2 or 3 (p = 0.002) and

in those who developed AKI stage 1 (p = 0.034), while the

difference between the latter two groups was not significant

(p = 0.077) (Fig. 2s in the Online Resource). After

adjusting for preoperative sCr, logistic EuroSCORE,

intraoperative fluid balance and need for transfusion, the

association of end-surgery intrarenal-RRI by TE-EDus

with risk of AKI stage 2 or 3 did not reach formal statistical

significance [adjOR 7.27 (0.90–58.61), p = 0.063]. Simi-

larly, the combination of end-surgery intrarenal-RRI above

0.67 by either TE-EDus or TP-EDus and serum NGAL

above 225 ng/ml was not associated with risk of AKI stage

2 or 3 (p = 0.089 and p = 0.99, respectively).

Discussion

The main finding of this study is that an early increase in

intrarenal vascular resistance, as assessed by intrarenal-

RRI at the end of surgery by either TE-EDus or TP-EDus, is

significantly associated with the development of AKI

within the first 72 h of the postoperative period in patients

undergoing MHS.

Our data are in partial agreement with previous results

obtained by other groups [22, 23] that performed TP-EDus

at the time of patients’ arrival in the ICU soon after the end

of the surgical procedure; additionally, Guinot et al. [23]

repeated TP-EDus at 6 h after ICU admission and on

postoperative day 1. We used both the TE-EDus and the

TP-EDus techniques at fixed time points intraoperatively

and in the subsequent 24 h to investigate more accurately

the time-course of intrarenal vascular resistance in parallel

to systemic hemodynamic changes. However, at variance

with the findings of those investigators, in our study end-

surgery intrarenal-RRI by either TE-EDus or TP-EDus had

limited accuracy in predicting AKI. One possible expla-

nation for this discrepancy may reside in a greater baseline

AKI risk in the population studied by Bossard et al. [22]. In

fact, all patients had at least two risk factors for AKI (age

[60 years, peripheral artery disease, advanced carotid

stenosis, diabetes, valvular or combined surgery, intra-

aortic balloon counterpulsation); moreover, one-third of the

patients who developed AKI required RRT. Conversely,

baseline patients’ characteristics in Guinot et al.’s study

[23] and in our own were remarkably similar; also, only 2

out of 21 (9.5 %) and 2 out of 23 (8.7 %) AKI patients in

the former and in our study, respectively, required RRT.

The different definitions of AKI employed in these three

studies may also partially explain the different accuracy of

intrarenal-RRI in predicting postoperative AKI. Moreover,

Guinot et al. [23] defined transient AKI as recovery from
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AKI within 3 days after surgery, and found that intrarenal-

RRI actually decreased on ICU admission compared with

preoperative values in the patients either with transient

AKI or no AKI, while they tended to increase in the

patients with persistent AKI. Other investigators [25]

observed higher mean intrarenal RRI values on admission

in critically ill patients who subsequently developed per-

sistent compared with transient AKI. Similarly, in our

study RRI values decreased at the end of surgery in most of

the patients who did not develop AKI, whilst they tended to

increase in most of the patients who did. This observation

may suggest an ongoing stronger vasoconstriction,

decreased kidney perfusion and/or tubular damage in the

latter group, as opposed to milder perturbations in intrar-

enal hemodynamics and preserved perfusion in the former

group. In the same conceptual framework, the patients with

AKI showing relatively low RRI values (i.e.\0.67) at end-

surgery and at 4 h from CPB start may have been those

with milder hypoperfusion and/or undergoing earlier

recovery. Since we did not perform echo-Doppler assess-

ment of RRI later than 24 h from CPB start, we could not

address this issue; yet, as only two patients progressed to

stage 3 AKI requiring RRT, most of our patients had in fact

mild and transient AKI.

As we adopted a very sensitive definition of AKI, the

inclusion of patients with mild and transient AKI in the

overall AKI group may have dampened the predictive

ability of end-surgery intrarenal-RRI in our study through

a dilution effect. Moreover, in patients with septic shock

[26] and severe sepsis or polytrauma [27], higher mean

RRI values were observed on admission in those who

developed advanced compared with milder stages of AKI.

Furthermore, in these patients intrarenal-RRI on the

admission day appeared as the variable providing the best

discrimination for subsequent development of AKI stage 2

or 3 [27]. With only four patients developing AKI stage 2

or 3, our study had insufficient power to demonstrate a

better discriminating performance of end-surgery in-

trarenal-RRI at TE-EDus in this subgroup compared to the

overall population of AKI patients.

Because the majority of our patients developed mild and

reversible AKI, a relevant question is whether higher end-

surgery RRI in these patients may have been related to

reversible kidney hypoperfusion. In AKI? patients we

found a significant inverse correlation between MAP and

renalsinus-RRI, as well as between MAP and intrarenal-

RRI by both TE-EDus and TP-EDus. As MAP values were

slightly although not significantly lower in AKI? than in

AKI- patients, it could be hypothesized that higher RRI

values at end-surgery may have reflected higher intrarenal

vascular resistance, hence relative kidney hypoperfusion,

simply due to hemodynamic instability in the former group.

However, a negative correlation between MAP and RRI

was reported previously in patients with AKI after MHS by

some [22] but not other [23] investigators; in critically ill

septic patients a weak inverse correlation between MAP

and RRI was found both in patients with and without AKI

by one group [27], whereas Dewitte et al. [28] observed

this correlation only in patients without AKI. Moreover,

forcing MAP in the multivariable regression model did not

affect significantly the ORs for AKI of intrarenal-RRI at

either TE-EDus or TP-EDus in our study.

Apart from decreased MAP, decreased CI and/or

increased CVP may have also caused kidney hypoperfu-

sion; however, CI rose after anesthesia induction, without

significant differences between AKI? and AKI- patients.

Although higher CVP values may have caused increased

RRI values, via increased intrarenal interstitial pressure and

decreased arterial distensibility [29], we did not observe

any significant differences in CVP values between AKI?

and AKI- patients at any time point. Furthermore, no

significant correlations between invasive systemic hemo-

dynamic indexes and RRI were reported in previous studies

[23, 30].

Although we cannot exclude that transient kidney

hypoperfusion due to hemodynamic instability may have

partially accounted for higher end-surgery RRI values in

our AKI patients, the early and persistent increase of

plasma NGAL values in AKI ? compared with AKI-

patients suggests that tubular injury was more likely

responsible. This hypothesis is also supported by the sig-

nificant correlation between renalsinus-RRI and in-

trarenal-RRI at TE-EDus and plasma NGAL in the overall

patient population.

Inasmuch as CPB induces both a strong inflammatory

response and an activation of the coagulation cascade [31–

36], it may play an important role in the pathogenesis of

AKI in the perioperative period in patients undergoing

MHS. In fact, previous studies have reported an upregu-

lation of adhesion molecules in leukocytes and vascular

endothelium [37, 38], increased levels of interleukin (IL)-6,

IL-8 and tumor necrosis factor (TNF)-a [31, 36], and the

induction of a pro-thrombotic state [9, 36]. Unfortunately,

we did not measure plasma levels of inflammatory

cytokines, that may have helped in the interpretation of

results in view of the association of systemic inflammatory

response with cardiac surgery-induced AKI. Along the

same lines of reasoning, increased plasma NGAL plasma

levels in our AKI patients may have reflected upregulation

due more to a pronounced systemic inflammatory response

rather than to tubular damage. In fact, increased plasma

NGAL levels have been reported in a canine sepsis model

[40], as well as in adult [41, 42] and pediatric critically ill

patients with sepsis [43]; however, none of the patients in

the present study had clear-cut clinical and/or laboratory

signs of severe sepsis.
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The combination of end-surgery intrarenal-RRI and

serum NGAL offered no clear-cut advantage in the pre-

diction of AKI in the postoperative period compared with

either variable evaluated separately. In fact, although in the

patients who had both end-surgery intrarenal-RRI higher

than 0.67 by TE-EDus and serum NGAL higher than

225 ng/ml we detected a statistically significant association

with AKI risk, confidence intervals were wide; moreover,

this association was not observed for the combination of

end-surgery intrarenal-RRI by TP-EDus and serum NGAL.

Thus, with respect to the development of AKI in the

postoperative period in patients undergoing MHS, in our

study the predictive accuracy of Doppler indexes of

intrarenal resistance, serum NGAL, or their combination

was limited.

Finally, the issue of the potential detrimental effects of

fluid overload (FO) on kidney function in patients

undergoing MHS should be taken into account when

indirect measures of intrarenal resistance are being eval-

uated as a tool to predict AKI. Indeed, many retrospective

studies [reviewed in 44] have pointed to an association

between FO and deterioration of kidney function in sur-

gical and critically ill patients. A systematic review that

analyzed the results of randomized controlled trials of

patients undergoing major surgery [45] showed a statis-

tically robust association between a judicious fluid

resuscitation (i.e. avoiding unnecessary excess fluid

administration) and decreased AKI risk. In view of the

possibility that interstitial edema brought about by sys-

temic venous congestion may decrease renal perfusion

pressure and blood flow [46] and thus increase intrarenal

resistance, increased end-surgery RRI in AKI patients in

our study might have reflected the significantly higher

intraoperative fluid balance in this group (Table 2).

However, as the association of intrarenal-RRI with the

risk of AKI remained significant in a multivariable model

that included intraoperative fluid balance, we believe that

the mild FO per se in our AKI patients could not explain

this association.

Several limitations of this study must be acknowledged.

This was a single-center study enrolling a relatively low

number of patients, and only two developed dialysis-re-

quiring AKI; as stated previously, this low event rate

resulted in insufficient power to investigate the predictive

performance of RRI towards advanced AKI. Moreover,

given its relatively small patient number and the very low

incidence of dialysis-requiring AKI, this study did not

allow to discriminate between functional albeit complex

hemodynamic events and more severe hypoperfusion

causing tubular damage. Also, long-term patient follow-up

was not performed. Thus, we cannot establish whether

increased end-surgery intrarenal-RRI by either TE-EDus or

TP-EDus associated with mild and transient AKI may bear

prognostic value for the long-term (i.e. 1 year) survival or

progression to CKD.

Notwithstanding these limitations, by incorporating

ultrasound examinations at fixed time points intraoperatively

and in the subsequent 24 h, our experimental protocol was

designed to detect the earliest signs of AKI, well before a

clinically significant increase in sCr. Although we did not

find, as others did [47], significant differences in intraoper-

ative intrarenal-RRI values obtained by TE-EDus or TP-

EDus, in our studyRRIs assessedwith either approach proved

to be insufficiently accurate and therefore of limited practical

utility for AKI prediction in patients undergoing MHS.

However, in view of the above limitations, the results of the

present study should be considered as preliminary, and await

confirmation from further investigations enrolling larger

cohorts of critically ill patients undergoing MHS; in partic-

ular, these findings would be strengthened by studies with a

larger number of patients developing dialysis-requiringAKI.

Thus, further larger-scale studies enrolling heart surgery

patients at risk for the development of AKI are needed before

routine intraoperative echo-Doppler ultrasound examination

may be proposed in this setting.
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