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ABSTRACT
Objective: To investigate the diagnostic performances of renal resistive index (RRI) and semi-
quantitative power Doppler ultrasound (PDU) scores in predicting acute kidney injury (AKI) stage
3 in critically ill patients.
Methods: This prospective observational study included 148 patients (80 with reduced cardiac
index [CI], 68 with maintained CI). RRI and semiquantitative PDU scores were measured within
6 h after intensive care unit admission. AKI was defined according to Kidney Disease Improving
Global Outcomes criteria.
Results: A negative correlation between RRI and PDU score (r¼�0.517, p< 0.001) and a positive
correlation between PDU score and CI (r¼ 0.193, p¼ 0.019) were found, whereas RRI was not
correlated with CI (r¼ 0.131, p¼ 0.121). The predictive value of RRI for AKI stage 3 was similar
between CI-reduced (area under the curve [AUC] 0.761, 95% confidence interval 0.650–0.851,
p< 0.001) and CI-maintained (AUC 0.786, 95% confidence interval 0.665–0.878, p< 0.001)
patients. Conversely, PDU score could effectively predict AKI stage 3 in CI-reduced patients (AUC
0.872, 95% confidence interval 0.778–0.936, p< 0.001) but not in CI-maintained patients (AUC
0.669, 95% confidence interval 0.544–0.778, p¼ 0.071). The predictive value of PDU score for AKI
stage 3 was statistically different between CI-reduced and CI-maintained patients (p¼ 0.021).
Conclusions: PDU scores could effectively predict AKI stage 3 in CI-reduced patients but not in
CI-maintained patients. RRI is a poor predictor of AKI stage 3 in patients with reduced or main-
tained CI.

Abbreviations: AKI: acute kidney injury; APACHE: Acute Physiology and Chronic Health
Evaluation; AUC: area under the curve; BSA: body surface area; CI: cardiac index; CRRT: continu-
ous renal replacement therapy; GFR: glomerular filtration rate; HR: heart rate; ICU: intensive care
unit; KDIGO: Kidney Disease Improving Global Outcomes; LVOT: left ventricular outflow tract;
MAP: mean arterial pressure; PDU: power Doppler ultrasound; ROC: receiver operator characteris-
tic; RRI: renal resistive index; SCr: serum creatinine; SOFA: Sequential Organ Failure Assessment;
VTI: velocity time integral.
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1. Introduction

Acute kidney injury (AKI) is a heterogeneous group of
conditions characterized by a sudden decrease in glom-
erular filtration rate (GFR), with major complications
including volume overload, electrolyte disorders,
uremic complications, and drug toxicity [1], and
remains associated with a dismal prognosis [2]. In stud-
ies in adults, the pooled incidence rate of AKI was
reported to be 21.6%. Approximately 10% of patients
with AKI require dialysis. The highest pooled AKI rate
was observed in critical care settings (32%) [3]. Serum
creatinine (SCr) and urine volume are used as diagnos-
tic and staging markers for AKI [4,5]. However, oliguria

is not specific to acute tubular necrosis, and SCr eleva-
tion is delayed and only occurs after a prolonged
decrease in GFR. Furthermore, the diagnosis of AKI
stage 3 usually takes 12–24 h. Hence, an indicator that
could predict AKI stage 3 within 6 h of admission may
help in providing necessary medical attention to
patients, thus promoting improved outcomes.

Many biomarkers, such as serum cystatin C [6], neu-
trophil gelatinase-associated lipocalin [7], and urinary
kidney injury molecule-1 [8], and imaging modalities,
such as magnetic resonance imaging [9], are potentially
useful in assessing kidney injury. However, most of
these indicators are time-consuming, not immediately
available, and have not been widely used in clinical
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practice. Doppler-based renal resistive index (RRI) calcu-
lations and semiquantitative power Doppler ultrasound
(PDU) scores are rapid, noninvasive, and repeatable
tools that were proposed for early AKI detection in
patients confined to the intensive care unit (ICU) [10].
RRI is derived from the Doppler spectrum of intrarenal
(segmental/interlobar) arteries and refers to the per-
centage reduction of end-diastolic blood flow in renal
vessels in relation to the maximum systolic blood flow.
Several studies have demonstrated that RRI has a prom-
ising performance to detect early renal dysfunction
[11–13]. PDU displays the total power in the Doppler
signal, which is not frequency-dependent and does not
display directional or velocity information. PDU is useful
in organs or areas where blood flow is relatively slow,
such as the prepubertal testes, placenta, and renal cor-
tex. In most kidneys, PDU reveals a diffused, homoge-
neous blush color of nearly the entire renal cortex,
which results from the sum of numerous weak signals
from small vessels and their branches distal to the arcu-
ate arteries [14]. PDU depicts more vessels than does
color Doppler ultrasound, particularly at the renal poles
and in the superficial cortex [14]. Several studies have
found that PDU correlates well with invasively meas-
ured renal blood flow [15,16]. Recent studies have used
semiquantitative PDU scores as an indicator of renal
perfusion and found that it could help predict delayed
graft function after renal transplantation [17] and could
help evaluate the severity and prognosis of AKI [18].

In our previous study, we found that PDU scores
could effectively predict AKI stage 3 in patients with
cardiac failure but not in patients with sepsis [19].
However, the main reason for admission to the ICU may
be unclear or there may be a combination of various
reasons in the beginning, while the hemodynamic sta-
tus of patients can be rapidly determined using bedside
ultrasound and other parameters. Moreover, the diag-
nostic value of RRI and PDU score for AKI may be based
on their evaluation of renal perfusion. Therefore, we
expanded the sample size and obtained the cardiac
index by transthoracic echocardiography at the same
time as the renal ultrasound, with the aim to analyze
the correlations among RRI, PDU score, and cardiac
index (CI), and to investigate the diagnostic perform-
ance of RRI and semiquantitative PDU scores in predict-
ing AKI stage 3 in critically ill patients.

2. Materials and methods

2.1. Patients

This study was approved by the ethics committee of
Cangzhou Central Hospital in Cangzhou City, Hebei

Province, China (ethical approval no. 2017-078-01), and
all patients or their next of kin were informed in writing
that the collected data will be used for research pur-
poses. Critically ill patients admitted to the emergency
ICU of Cangzhou Central Hospital from January 2018 to
August 2019 were included. The inclusion criteria were
as follows: admission for sepsis (according to the
Sepsis-3 criteria [3]), cardiac failure (defined as Killip
classification grade III or IV in patients with acute myo-
cardial infarction or as New York Heart Association
Functional class IV in patients with acute heart failure),
polytrauma (defined as an Injury Scale Severity score
�25 [20]), and critical conditions due to other causes.
Patients with age <18 years, survival time <24 h, intra-
abdominal pressure >15mmHg (bladder pressure
measurement), suspected or confirmed obstructive
renal failure, known renal artery stenosis, severe chronic
renal failure and a basal creatinine clearance of
<30mL/min, cardiac arrhythmia precluding renal
Doppler measurement, patients recovering from previ-
ously diagnosed AKI at the time of inclusion, and preg-
nant patients were not included. AKI was defined
according to the Kidney Disease Improving Global
Outcomes (KDIGO) criteria (Table 1). The lowest SCr
concentration within a month was chosen as the base-
line creatinine value. If previous SCr concentrations
within a month were unavailable, baseline creatinine
was estimated based on the Modification of Diet in
Renal Disease equation assuming a low normal value
for baseline GFR (75mL�min�1�[1.73 m2]�1) [21]. The
equation was as follows (creatinine is in mg/dL):

GFR ðmL �min�1 � ½1:73 m2��1Þ
¼ 186� Scr�1:154 � ðageÞ�0:203 � ðfemale� 0:742Þ

� ðChinese� 1:233Þ:

2.2. Study protocol and data collection

Height, body weight (estimated using the information
provided by the patient or relatives), cause for admis-
sion, and accompanying diseases were recorded on

Table 1. Staging of AKI.
Stage Serum creatinine Urine output

1 1.5�1.9 times baseline
or �0.3mg/dL
(�26.5lmol/L) increase

<0.5mL�kg�1�h�1 for 6�12 h

2 2.0�2.9 times baseline <0.5mL�kg�1�h�1 for �12 h
3 3.0 times baseline

or increase in
serum creatinine to
�4mg/dL (�353.6lmol/L)

<0.3mL�kg�1�h�1 for �24 h
or anuria for �12 h

AKI: acute kidney injury.
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admission. SCr concentration, 6-h urine output, arterial
lactate concentration, use of mechanical ventilation,
and use of vasoactive drugs were obtained within 6 h
from admission. Acute Physiology and Chronic Health
Evaluation (APACHE) II and Sequential Organ Failure
Assessment (SOFA) scores were calculated 24 h after
admission. The highest AKI stage within 5 days after
admission assessed according to the KDIGO criteria (the
need for renal replacement therapies was not consid-
ered) was used as the main outcome. Patients with AKI
stage 3 as the highest AKI stage within 5 days from
admission were classified into the AKI 3 group, whereas
the other patients were classified into the AKI 0–2
group. Data on mortality and use of continuous renal
replacement therapy (CRRT) were obtained on day 28.

2.3. RRI and semiquantitative PDU score
measurements

Renal echography was performed with CX30 and HD15
(both from Philips Healthcare, Bothell, WA, USA) within
the first 6 h of admission and after achieving a mean
arterial pressure (MAP) of �65mmHg with fluid therapy
or vasoactive drugs, by an intensivist with about 3 years
of experience in ultrasound operations and with a train-
ing certificate from the Chinese Critical Ultrasound
Study Group. RRI and Semiquantitative PDU were meas-
ured as described in our previous study [19]. Briefly,
renal RI was measured from on the interlobar arteries
and calculated using the following formula: (peak sys-
tolic velocity—end-diastolic velocity)/peak systolic vel-
ocity. Three measurements were taken and the
mean value was recorded for further analysis.
Semiquantitative PDU was conducted using the best
blood flow image of energy Doppler ultrasound. Renal
perfusion was assessed using semiquantitative PDU
scores (Table 2) [22]. During the renal ultrasound exam-
ination, MAP, heart rate (HR), type and dose of catechol-
amine infusion, and oxygenation index were recorded.

2.4. CI Measurements

Transthoracic echocardiography was performed at the
same time as RRI and semiquantitative PDU score

measurements. Cardiac output was calculated from the
left ventricular outflow tract (LVOT), as described by
McLean et al. [23]. The diameter of the LVOT was taken
to be the distance between the bases of the aortic
valve cusp during systole, as seen from the long para-
sternal view. Pulsated wave Doppler samples were then
obtained in the center of the LVOT from the apical
view, paying close attention to obtaining an angle of
Doppler signal to aortic blood flow close to 0� (<20�).
The leading edge of five consecutive Doppler velocity
curves was traced, and the average velocity time inte-
gral (VTI) was calculated. The body surface area (BSA)
was calculated as follows (height was in cm and weight
was in kg): BSA (m2)¼ 0.0061� height þ 0.0128�
weight � 0.1529. Thus, CI was thereafter calculated as
follows (LVOT diameter and VTI were in cm): CI
(L�min�1�[m2]�1)¼ (LVOT diameter/2)2�3.14� VTI�
HR� BSA�1 � 0.001. Reduced CI was defined as
<3 L�min�1�(m2) �1.

2.5. Statistical analysis

Data are presented as median and interquartile range
(IQR), mean and standard deviation, or number and
percentage, as appropriate. The normality of all
numeric continuous variables was examined by
Kolmogorov–Smirnov test. Continuous variables with-
out a normal distribution were compared using Non-
parametric tests, continuous variables with a normal
distribution using independent-sample t-tests, and cat-
egorical data using the chi-square test. Correlations
among RRI, PDU score, and CI were evaluated using
Spearman correlation coefficients. The diagnostic per-
formance of RRI and PDU score in predicting AKI stage
3 was analyzed by Receiver operator characteristic
(ROC) curves. Statistical tests were performed using
IBM SPSS, version 26.0. All tests were two-sided, and P
values <0.05 (a¼ 0.05) were considered statistically
significant.

3. Results

3.1. General patient characteristics

A total of 209 patients initially participated in this study,
of whom 15 died within 24 h, 10 discontinued the treat-
ment during hospitalization, 6 were unsuitable for RRI
assessment because of the occurrence of arrhythmia or
abdominal hypertension, and 30 could not be eval-
uated for CI using transthoracic echocardiography.
Thus, 148 patients were included in the final analysis. In
this study, 65 patients were overlapped with our previ-
ous study [19].

Table 2. Semiquantitative PDU scores for evaluating intra-
renal perfusion.
Grade Renal perfusion

0 Unidentifiable vessels
1 Few vessels visible in the vicinity of the hilum
2 Hilar and interlobar vessels visible in most of the renal parenchyma
3 Renal vessels identifiable until the arcuate arteries in the

entire field of view

PDU: power Doppler ultrasound.
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We analyzed the correlations among RRI, PDU score,
and CI. In all patients, a negative correlation between
RRI and PDU score (r¼�0.517, p< 0.001) and a positive
correlation between PDU score and CI (r¼ 0.193,
p¼ 0.019) were found, whereas RRI was not correlated
with CI (r¼ 0.131, p¼ 0.121). Furthermore, the correl-
ation between PDU score and CI was better in
CI-reduced patients (r¼ 0.283, p¼ 0.011) but was not
statistically significant in CI-maintained patients
(r¼�0.008, p¼ 0.948). Thus, we divided all patients
into the CI-reduced group (CI < 3 L�min�1�[m2] �1) and
the CI-maintained group (CI � 3 L�min�1�[m2]�1) and
analyzed them to investigate the diagnostic performan-
ces of RRI and semiquantitative PDU scores in predict-
ing AKI stage 3. The descriptive results of KDIGO stage
assessment performed on day 5 are shown in Table 3.
The patient characteristics are shown in Table 4.
APACHE-II score, SOFA score, and mortality on day 28
significantly differed between the AKI 3 and AKI 0–2
groups in all patients and in patients with reduced CI
(p< 0.05) but not in patients with normal CI (p> 0.05).
The arterial lactate concentration, use of mechanical
ventilation, and use of vasoactive drugs differed
between the AKI 3 and AKI 0–2 groups in patients with
reduced CI (p< 0.05) but not in all patients and in
patients with normal CI (p> 0.05). Urine output, SCr,
RRI, PDU score, and use of CRRT significantly differed
between the AKI 3 and AKI 0–2 groups in all patients
(p< 0.05) as well as in patients with reduced CI
(p< 0.05) and in patients with normal CI (p< 0.05).
Only admission for sepsis, admission for acute cardiac
failure, and RRI significantly differed between CI-
reduced and CI-maintained patients (p< 0.05).

3.2. Comparison of predictive values for AKI 3

ROC curves were plotted to examine the role of RRI and
PDU score in predicting AKI stage 3. Seven patients
(three with reduced CI and four with maintained CI)
had a failed RRI determination. The ROC curves of these
indicators are shown in Table 5. The predictive value of
RRI for AKI stage 3 was similar among all patients (area
under the curve [AUC] 0.753, 95% confidence interval
0.674–0.822, p< 0.001), CI-reduced patients (AUC 0.761,
95% confidence interval 0.650–0.851, p< 0.001), and
CI-maintained patients (AUC 0.786, 95% confidence

interval 0.665–0.878, p< 0.001). PDU score could effect-
ively predict AKI stage 3 in CI-reduced patients (AUC
0.872, 95% confidence interval 0.778–0.936, p< 0.001),
and the optimal cutoff for PDU score was �1 (sensitivity
69.6%, specificity 89.5%, Youden index 0.590, accuracy
in our population 83.8%). However, PDU score could
not predict AKI stage 3 in in CI-maintained patients
(AUC¼ 0.669, 95% confidence interval 0.544–0.778,
p¼ 0.071).

We compared the AUCs of RRI and PDU score for
predicting AKI stage 3 in CI-reduced and CI-maintained
patients (Figure 1). In CI-reduced patients, the differ-
ence between RRI and PDU score was not statistically
significant (p¼ 0.120). In CI-maintained patients, the
predictive value of RRI for AKI 3 was better that of PDU
score (p¼ 0.018). The predictive value of PDU score for
AKI stage 3 was better in CI-reduced patients than in
CI-maintained patients (p¼ 0.021). The predictive value
of RRI for AKI stage 3 was not statistically different
between CI-reduced and CI-maintained patients
(p¼ 0.781).

4. Discussion

In this study, we found that PDU score and CI were stat-
istically correlated with each other in critically ill
patients, especially in those with reduced CI.
Furthermore, PDU scores could effectively predict AKI
stage 3 in CI-reduced patients but not in CI-maintained
patients. Reductions in CI result in inadequate renal
blood flow leading to renal ischemia, which plays a sig-
nificant role in the progression of AKI in critically ill
patients, especially in those with acute cardiac failure,
massive blood or fluid loss, and other critical conditions.
However, renal blood flow is maintained or actually
increases in AKI induced by nephrotoxic substances or
in sepsis-associated AKI [24]. The assessment of renal
injury using PDU is based on the assessment of renal
perfusion. Therefore, the hemodynamic status of
patients should be considered when evaluating renal
function using semiquantitative PDU scores. However,
admission for sepsis or admission for acute cardiac fail-
ure significantly differed between CI-reduced and CI-
maintained patients in our study. Thus, it is unclear
whether the difference of the predictive value of PDU
score for AKI 3 between CI-reduced and CI-maintained

Table 3. Descriptive analysis of KDIGO stage assessed on day 5.
No AKI AKI stage 1 AKI stage 2 AKI stage 3

All patients (N¼ 148) 61 (41.2%) 30 (20.3%) 20 (13.5%) 37 (25.0%)
CI-reduced patients (n¼ 80) 30 (37.5%) 17 (21.3%) 10 (12.5%) 23 (28.8%)
CI-maintained patients (n¼ 68) 31 (45.6%) 13 (19.1%) 10 (14.7%) 14 (20.6%)

CI: cardiac index; AKI: acute kidney injury.
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patients was based on hemodynamic differences or
etiological differences, and this issue needs further
research. Given the good predictive value of PDU score
for AKI 3 in CI-reduced patients and its advantages of
convenience and repeatability of measurements, PDU

score may useful as a tool for assessing AKI in patients
with reduced CI. However, several disadvantages of
semiquantitative PDU scores should be considered. For
example, the results may be affected by breathing
movement because the technique has significant soft-

Table 4. Patient characteristics according to KDIGO stage assessed on day 5.
Male, n (%) Age (y) BMI (kg/m2) Hypertension, n (%) Diabetes, n (%) Sepsis, n (%)

All patients
Both groups 86 (58.1%) 67 (52, 73) 24.2 (22.3, 26.3) 65 (43.9%) 43 (29.1%) 51 (34.5%)
AKI 0–2 66 (59.5%) 66 (50, 73) 24.2 (22.0, 26.5) 47 (42.3%) 31 (27.9%) 37 (33.3%)
AKI 3 20 (54.1%) 68 (60, 77) 24.0 (22.4, 26.3) 18 (48.6%) 12 (32.4%) 14 (37.8%)

CI-reduced patients
Both groups 50 (62.5%) 68 (50, 74) 24.2 (22.6, 26.8) 35 (43.8%) 23 (28.8%) 19 (23.8%)
AKI 0–2 35 (61.4%) 66 (47, 74) 24.5 (22.7, 27.4) 23 (40.4%) 16 (28.1%) 13 (22.8%)
AKI 3 15 (65.2%) 69 (62, 74) 23.9 (22.5, 26.1) 12 (52.2%) 7 (30.4%) 6 (26.1%)

CI-maintained patients
Both groups 36 (52.9%) 66 (52, 73) 24.1 ± 3.5 30 (44.1%) 20 (29.4%) 32 (47.1%)		
AKI 0�2 31 (57.4%) 67 (53, 73) 23.8 ± 3.2 24 (44.4%) 15 (27.8%) 24 (44.4%)
AKI 3 5 (35.7%) 66 (44, 83) 25.2 ± 4.2 6 (42.9%) 5 (35.7%) 8 (57.1%)

Acute cardiac
failure, n (%)

APACHE-II
score SOFA score

Arterial lactate
(mmol/L)

SCr (lmol/L) Urine output
(mL/h)

All patients
Both groups 55 (37.2%) 20 (12, 28) 8 (4, 12) 2.8 (1.6, 5.1) 114 (80, 161) 50 (20, 100)
AKI 0�2 38 (34.2%) 18 (11, 25) 7 (3, 11) 2.8 (1.7, 4.7) 104 (70, 138) 70 (40, 100)
AKI 3 17 (45.9%) 27 (15, 34)b 11 (8, 16)b 2.7 (1.6, 7.6) 185 (118,319)b 15 (0, 30)b

CI-reduced patients
Both groups 45 (56.3%) 21 ± 11 8 (4, 12) 2.9 (1.8, 4.8) 114 (80, 156) 50 (20, 100)
AKI 0�2 31 (54.4%) 18 ± 9 6 (2, 11) 2.6 (1.4, 4.1) 106 (67, 134) 70 (30, 100)
AKI 3 14 (60.9%) 28 ± 11 b 11 (9, 16) b 3.3 (2.2, 11.6)a 136 (114,236)b 15 (0, 30)b

CI-maintained patients
Both groups 10 (14.7%)		 19 (13, 28) 8 (4, 12) 2.8 (1.6, 6.0) 114 (80, 175) 60 (30, 100)
AKI 0�2 7 (13.0%) 19 (13, 26) 8 (4, 12) 3.1 (1.9, 6.1) 96 (70, 147) 80 (50, 105)
AKI 3 3 (21.4%) 18 (12, 32) 10 (5, 12) 1.6 (1.2, 3.4) 319 (144,438)b 15 (0, 35)b

RRI PDU score CRRT, n (%)
Mechanical

ventilation, n (%)
Vasoactive drugs,

n (%)
Mortality on day 28,

n (%)

All patients
Both groups 0.650 (0.583, 0.717) 2 (2, 3) 36 (24.3%) 106 (71.6%) 91 (61.5%) 32 (21.6%)
AKI 0�2 0.634 (0.567, 0.700) 2 (2, 3) 7 (6.3%) 77 (69.4%) 64 (57.7%) 17 (15.3%)
AKI 3 0.717 (0.674, 0.755)b 1 (1, 2)b 29 (78.4%)b 29 (78.4%) 27 (73.0%) 15 (40.5%)b

CI-reduced patients
Both groups 0.630 (0.548, 0.717) 2 (2, 3) 22 (27.5%) 57 (71.3%) 51 (63.8%) 19 (23.8%)
AKI 0�2 0.595 (0.517, 0.665) 2 (2, 3) 4 (7.0%) 36 (63.2%) 32 (56.1%) 8 (14.0%)
AKI 3 0.716 (0.628, 0.756)b 1 (1, 2)b 18 (78.3%)b 21 (91.3%)a 19 (82.6%)a 11 (47.8%)b

CI-maintained patients
Both groups 0.667 ± 0.072	 2 (2, 3) 14 (20.6%) 49 (72.1%) 40 (58.8%) 13 (19.1%)
AKI 0�2 0.655 ± 0.071 3 (2, 3) 3 (5.6%) 41 (75.9%) 32 (59.3%) 9 (16.7%)
AKI 3 0.724 ± 0.046b 2 (1, 3)a 11 (78.6%)b 8 (57.1%) 8 (57.1%) 4 (28.6%)

The results are described as median and interquartile ranges, mean and standard deviations, or numbers and percentages, as appropriate.
aCompared with the AKI 0–2 group, p< 0.05. bCompared with the AKI 0–2 group, p< 0.01. 	Compared with the CI-reduced group, p< 0.05.		Compared with the CI-reduced group, p< 0.01.
KDIGO: Kidney Disease Improving Global Outcomes; AKI: acute kidney injury; BMI: body mass index (weight/height2); APACHE-II: Acute Physiology and
Chronic Health Evaluation II; SOFA: Sequential Organ Failure Assessment; SCr: serum creatinine; RRI: renal resistive index; PDU: power Doppler ultrasound;
CRRT: continuous renal replacement therapy.

Table 5. ROC curves for RRI and PDU score as predictors of AKI 3.

Indicator AUC p-value

95% Confidence interval for AUC

Cutoff value Sensitivity Specificity Youden indexMinimum Maximum

RRI All patients 0.753 <0.001 0.674 0.822 >0.673 77.4 66.4 0.438
CI-reduced patients 0.761 <0.001 0.650 0.851 >0.686 65.0 82.3 0.475
CI-maintained patients 0.786 <0.001 0.665 0.878 >0.650 100 49.1 0.491

PDU score All patients 0.791 <0.001 0.717 0.854 �1 62.2 88.3 0.505
CI-reduced patients 0.872 <0.001 0.778 0.936 �1 69.6 89.5 0.590
CI-maintained patients 0.669 0.071 0.544 0.778 �1 50.0 87.0 0.370

ROC: receiver operating characteristic; RRI: renal resistive index; PDU: power Doppler ultrasound; AKI: acute kidney injury; AUC: area under the curve; CI:
cardiac index.
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tissue flash artifacts. In addition, gain settings and obes-
ity may affect the imaging results, and semiquantitative
PDU scores are categorical and may show a certain
degree of subjectivity.

In this study, we found that RRI was not correlated
with CI and has poor predictive value for AKI stage 3.
The results were similar to the findings of recent studies
[25,26]. Besides the renal perfusion state, RRI could be
directly influenced by intrinsic kidney diseases charac-
terized by increased pressure of the renal interstitium
or urinary tract [27]. RRI, which is elevated in patients
with hypertension with preserved renal function, also
reflects systemic vascular changes [28]. In critically ill
patients, RRI was influenced by several other factors,
including MAP, lactate concentration, and age [29].
Thus, RRI is an integrative parameter whose determin-
ation involves renal and extra-renal factors, and is often
difficult to discriminate in common clinical practice.

A prospective multicentre study found that the per-
formances of RRI (AUC 0.58, 95% confidence interval
0.52–0.64) and semiquantitative renal perfusion (AUC
0.59, 95% confidence interval 0.54–0.65) in predicting
persistent AKI were poor [30]. In this study, the predict-
ive values of RRI and PDU score for AKI 3 were also
poor in all critically ill patients. However, we grouped
critically ill patients according to CI and found that PDU
scores could effectively predict AKI stage 3 in CI-
reduced patients but not in CI-maintained patients. The
clinical status of critically ill patients is complex and

changeable. These results suggest that the hemo-
dynamic status of patients should be considered when
evaluating renal function using PDU scores. This is the
unique of this study compared to other studies discuss
the same issue.

This study has several limitations that may deserve
to be discussed. First, Chronic renal lesions may cause
elevated RRIs without changes in Scr or urine volume.
Second, RRI and PDU scores were measured after the
interventions with fluid therapy or vasoactive drugs
aiming to avoid the influence of hemodynamic condi-
tions on results. Third, owing to the small sample size
in this study, the ROC results may be unreliable [31].
Moreover, the study was not blinded. Further studies
should include larger populations.

Ethics approval

This study was approved by the ethics committee of
Cangzhou Central Hospital in Cangzhou City, Hebei Province,
China (ethical approval no. 2017-078-01). The patients or
their next of kin were informed in writing that the collected
data will be used for research purposes.

Availability of data and materials

The datasets generated and/or analyzed during the current
study are not publicly available but are available from the
corresponding author on reasonable request.

Figure 1. Comparison of receiver operating characteristic (ROC) curves of cardiac index (CI)-reduced patients and CI-maintained
patients. Seven patients without renal resistive index (RRI) values were not included.
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