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Abstract

BACKGROUND

The hemodynamic alterations seen in liver cirrhosis lead to renal vasoconstriction,
ultimately causing acute kidney injury (AKI). The renal resistive index (RRI) is the
most common Doppler ultrasound variable for measuring intrarenal vascular
resistance.

AIM
To evaluate the association of the RRI with AKI in patients with liver cirrhosis and
to identify risk factors for high RRI.

METHODS

This was a prospective observational study, where RRI was measured using
Doppler ultrasound in 200 consecutive hospitalized patients with cirrhosis. The
association of RRI with AKI was studied. The receiver operating characteristic
(ROC) curve analysis was utilized to determine discriminatory cut-offs of RRI for

various AKI phenotypes. Multivariate analysis was conducted to determine the
predictors of high RRL

RESULTS

The mean patient age was 49.08 + 11.68 years, with the majority (79.5%) being
male; the predominant etiology of cirrhosis was alcohol (39%). The mean RRI for
the study cohort was 0.68 + 0.09, showing a progressive increase with higher
Child-Pugh class of cirrhosis. Overall, AKI was present in 129 (64.5%) patients.
The mean RRI was significantly higher in patients with AKI compared to those
without it (0.72 £ 0.06 vs 0.60 £ 0.08; P < 0.001). A total of 82 patients (41%) had
hepatorenal syndrome (HRS)-AKI, 29 (22.4%) had prerenal AKI (PRA), and 18
(13.9%) had acute tubular necrosis (ATN)-AKI. The mean RRI was significantly
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higher in the ATN-AKI (0.80 + 0.02) and HRS-AKI (0.73 + 0.03) groups than in the PRA (0.63 + 0.07) and non-AKI
(0.60 £ 0.07) groups. RRI demonstrated excellent discriminatory ability in distinguishing ATN-AKI from non-ATN-
AKI (area under ROC curve: 93.9%). AKI emerged as an independent predictor of high RRI (adjusted odds ratio
[OR]: 11.52), and high RRI independently predicted mortality among AKI patients (adjusted OR: 3.18).

CONCLUSION
In cirrhosis patients, RRI exhibited a significant association with AKI, effectively differentiated between AKI
phenotypes, and predicted AKI mortality.

Key Words: Renal resistive index; Cirrhosis; Acute kidney injury; Hepatorenal syndrome; Renal Doppler

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Renal resistive index (RRI) is the most common Doppler ultrasound variable for measuring intrarenal vascular
resistance. Higher RRI indicates renal vascular constriction in patients with advanced cirrhosis due to hemodynamic and
neurohormonal alterations. This study evaluated the association of RRI with acute kidney injury (AKI) in patients with liver
cirrhosis, assessed the diagnostic accuracy of RRI in distinguishing between different phenotypes of AKI, and identified
predictors of high RRI. RRI correlated well with AKI, predicted its occurrence, differentiated between AKI phenotypes, and
predicted mortality among AKI patients, and thus may be useful for evaluating renal dysfunction in cirrhosis patients.

Citation: Surya H, Kumar R, Priyadarshi RN, Surya Prakash S, Kumar S. Renal resistive index measurements by ultrasound in patients
with liver cirrhosis: Magnitude and associations with renal dysfunction. World J Radiol 2024; 16(6): 221-231
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INTRODUCTION

Acute kidney injury (AKI) is a prevalent complication affecting approximately 30%-50% of hospitalized patients with
cirrhosis, correlating with a high mortality rate[1]. The most common AKI phenotypes in cirrhosis patients include
prerenal AKI (PRA), acute tubular necrosis (ATN), and hepatorenal syndrome (HRS)[2]. These phenotypes and the stage
of AKI play crucial roles in determining outcomes for cirrhosis patients with AKI[3]. The 3-mo survival rates for cirrhosis
patients with PRA, HRS, and ATN are 89%, 39%, and 38%, respectively[4].

The assessment of kidney function in cirrhosis patients poses numerous challenges[5]. Serum creatinine level, often
used to gauge renal impairment in cirrhosis patients, is unreliable because factors such as sarcopenia and increased
tubular secretion of creatinine falsely lower the serum creatinine levels, thereby leading to an underestimation of renal
dysfunction. Furthermore, hyperbilirubinemia can interfere with creatinine measurement in certain assays. Commonly
used formulas for estimating glomerular filtration rate (GFR), such as the Modification of Diet in Renal Disease, Chronic
Kidney Disease Epidemiology Collaboration, and the Cockroft-Gault formulas, which rely on serum creatinine, tend to
overestimate renal function in cirrhosis patients[6]. Alternative methods for assessing renal function pose challenges
related to cost, availability, complexity, and the risk of radiation exposure.

The hemodynamic alterations observed in cirrhosis result in vasoconstriction of renal vessels, causing a significant
reduction in GFR, azotemia, and AKI[1,5]. The renal resistive index (RRI) is the most common Doppler ultrasound
variable to estimate intrarenal vascular resistance. It is also the most widely applicable and accepted tool due to the easy
availability and non-invasive nature of ultrasonography. Patients with advanced cirrhosis often exhibit elevated RRI due
to renal vascular constriction. Some studies have explored the utility of RRI in assessing renal dysfunction in cirrhosis
patients, particularly in determining whether AKI is structural or functional[7,8]. Fang et al[7] observed higher RRI values
in patients with HRS compared to those with ATN. However, there is limited research on RRI’s ability to distinguish
between ATN-AKI and other phenotypes[9].

In our current study, we investigated the relationship between RRI and AKI in hospitalized cirrhosis patients. We
evaluated the diagnostic accuracy of RRI in differentiating various AKI phenotypes and identified predictors of high RRI
and AKI-related mortality.

MATERIALS AND METHODS

This prospective observational study was conducted at the Department of Gastroenterology, All India Institute of
Medical Sciences (Patna, Bihar, India), a tertiary care medical center in India. The protocol received approval from the
Institute’s Research Board and Ethics Committee (Reference No: AIIMS/Pat/IEC/PGTh/July21/10), and all investig-
ations were carried out according to the principles outlined in the Declaration of Helsinki. Prior to enrollment in the
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study, written informed consent was obtained from all patients or their first-degree relatives.

Selection of study participants

Between March 2022 and December 2023, consecutive adult patients with liver cirrhosis admitted to the Department of
Gastroenterology were evaluated for the inclusion and exclusion criteria. The inclusion criteria were patients with
cirrhosis between the ages of 18 years and 75 years, diagnosed on the basis of clinical features, imaging characteristics,
and endoscopic findings. Exclusion criteria included: (1) Critically ill cirrhosis patients requiring intensive care unit
treatment; (2) patients with active variceal bleeding or advanced hepatic encephalopathy; (3) those with advanced
cardiovascular disease; (4) patients diagnosed with intraabdominal malignancies, including hepatocellular carcinoma; (5)
pregnant individuals; (6) patients with urinary tract infections; (7) patients on vasoconstrictors or renal replacement
therapy (RRT); and (8) individuals lacking informed consent.

Definitions

AKI: An increase in serum creatinine value > 0.3 mg/dL within 48 h or an increase of > 50% from baseline was defined as
AKI. According to the International Club of Ascites criteria, AKI was staged as follows: stage 1 AKI indicated an increase
in serum creatinine by > 0.3 mg/dL or > 1.5-fold to 2-fold from baseline; stage 2 AKI was defined as an increase in serum
creatinine > 2-fold to 3-fold from baseline; and stage 3 AKI indicated an increase in serum creatinine > 3-fold from
baseline or serum creatinine > 4.0 mg/dL or initiation of RRT[10,11].

HRS-AKI: The diagnosis of HRS-AKI in patients with ascites was made when there was no response after 2 d of albumin
infusion and withdrawal of diuretics when none of the following were present: (1) Recent use of nephrotoxic drugs; (2)
microhematuria with > 50 red blood cells per high-power field and/or proteinuria > 500 mg/d; (3) radiographic
abnormalities; and (4) shock[11].

PRA: This was diagnosed when there was a history of excessive fluid loss due to gastrointestinal bleeding, diarrhea, or
diuretic therapy, as indicated by weight loss > 500 g/d or 1000 g/d in patients without and with edema, and when there
was renal function improvement following intravenous fluid administration with a > 25% decline in serum creatinine
from baseline[9].

ATN-AKI: This was diagnosed if any three of six following criteria were met: (1) Presence of shock or nephrotoxic drug
use; (2) granular/ muddy-brown casts in urine sediment; (3) renal tubular epithelial cells in urinary sediment; (4) sodium
excretion fraction > 2%; (5) urinary sodium > 40 mEq/L; and (6) urinary osmolarity <400 mOsm/L[12].

Acute on chronic liver failure: Acute on chronic liver failure (ACLF) was defined as per Asia Pacific Association for the
Study of the Liver criteria[13].

Patients’ evaluation, RRI estimation, and management

Demographic information including age, sex, comorbidities, etiology, and duration of cirrhosis, diabetes mellitus (DM),
and anthropometric parameters was collected at baseline. Estimates of dry weight were made for corrected body mass
index (BMI) calculations by deducting 5%, 10%, or 15% of the actual weight in the cases of mild, moderate, or severe
ascites, respectively, as well as an additional 5% in the case of pedal edema. Liver function tests, complete hemogram,
kidney function tests, complete urine analysis, coagulation profiles, and serum lipids profiles were conducted for all
patients. The severity of cirrhosis was assessed using Child-Turcotte-Pugh (CTP) classification and model for end-stage
liver disease-sodium (MELD-Na) scores.

RRI measurements were taken for all patients after enrolment, regardless of AKI presence. Non-selective beta blockers
and diuretics were halted for 48 h and 24 h, respectively, before RRI estimation. To achieve accurate RRI measurement of
both kidneys, a duplex Doppler ultrasound machine (RS80 EVO; Samsung, Ridgefield Park, NJ, United States) with a 3.5
to 5.0 MHz convex probe was used. Furthermore, ascites was mobilized through paracentesis, and albumin infusion was
used as per the guidelines. Duplex wave forms of main and interlobar arteries at upper, mid, and lower parts; peak
systolic velocity; end diastolic velocity; and resistive indices of both kidneys were measured. RRI was calculated automat-
ically by the machine as (peak systolic velocity - end diastolic velocity)/peak systolic velocity (Figure 1). The resistive
index on both sides at the aforementioned places averaged a value that was reported as RRI. Based on the average cut-off
of previous studies, an RRI value > 0.73 was considered high[8,14].

Standard medical therapy was provided for all patients as per their needs, and AKI management followed the
established guidelines for cirrhosis patients[11]. Clinical monitoring occurred daily during hospitalization, with serum
creatinine levels checked every 48 h. Outcomes were measured as alive at discharge or dead during hospitalization.

Statistical analysis

Descriptive analysis was performed to summarize the socio-demographic, clinical, and laboratory characteristics of the
study participants. The continuous variables are reported as the mean + standard deviation, while categorical data are
expressed as proportions. For the comparison of continuous variables between subgroups, the Student’s t-test, Mann-
Whitney U test, one-way analysis of variance, or Kruskal-Wallis test was used as appropriate. Categorical variables were
compared using the ¥? test of association or Fisher’s exact test when applicable. The discriminatory power of RRI for
differentiating among PRA, ATN-AKI, and HRS AKI was assessed using the area under the receiver operating charac-
teristic (AUROC) curve, with clinical adjudication as the gold standard. Univariate and multivariate logistic regression
analyses were performed to identify independent predictors of high RRI and in-hospital mortality. Odds ratio (OR) and

Buissdenge IR | hittps://www.wjgnet.com 223 June 28,2024 | Volume16 | Issue6 |



Surya H et al. Renal resistive index in cirrhosis

A ABDO-GEN CA1-7A FR14Hz 11.0cm mm B 8- GEN CALAM T6R1¢nz/a3.0cm
[Rt. Prox Main Renal A] nght Kid 5 ; 3 [Rt. Prox Main Renal A]
28.96 cm/s & : 3 PSV 14.12 cm/s
10.14 cm/s ™~ ' 5.79 cm/s
10.14 cm/s 5.79 cm/s
8.50 em/s - 4.25 cm/s
16.72 cm/s . \ 3 8.7 cm/s
0.13 mmHg 0.03 mmHg
0.34 mmHg 0.08 mmHg
2.86 2.44
0.35 0.41
0.65 0.59
113 0.95
012s
16137 em/s?

0.4 s
55.15 cm/s?
364 ms
38.79 cm/s?

383 ms
75.60 em/s?

Figure 1 Measurements of the renal resistive index. A and B: Using a duplex Doppler ultrasound machine at right renal artery at hilum (A) and right lower
interlobar artery (B).

95% confidence intervals (Cls) were reported for all significant variables in the regression analysis. Given the high
prevalence of AKI in our study (64%), the sample size remained well above the estimated size of 152, based on previous
studies. P < 0.05 was considered statistically significant throughout the analyses. The statistical analyses were conducted
using Jamovi version 2.3.28.

RESULTS

Of the 557 cirrhosis patients admitted during the study period, 357 patients were excluded based on various exclusion
criteria (Figure 2). Ultimately, 200 cirrhosis patients were included in the study.

Baseline characteristics of study cohort

The mean age of the patients (n = 200) was 49.08 + 11.68 years, with the majority (79.5%) being male. The predominant
etiologies of cirrhosis were alcohol (39%), non-alcoholic fatty liver disease (24.5%), and viral (18.5%). Cirrhosis distri-
butions by Child-Pugh classes A, B, and C were 11.5%, 33%, and 55.5%, respectively. The median MELD-Na score of the
cohort was 21 (7-40). Forty-four patients (22%) had hypertension and thirty-four (17%) had DM. The mean duration of
DM and HTN was 23.94 + 13.3 mo and 24.09 + 11.84 mo, respectively. ACLF was present in 27 patients (13.5%), with the
majority having Grade II (37%) or Grade III (40.7%) ACLF. Among the 200 patients, 153 (76.5%) had ascites, 70 (45.7%)
had Grade II ascites, and 83 (54.2%) had Grade III ascites. Diuretic-responsive ascites was observed in 90 patients (59%),
while 63 (41%) had diuretic-resistant ascites (Table 1).

AKl and its phenotypes

Of the 200 patients, AKI was seen in 129 (64.5%) patients, with 43 patients presenting AKI upon admission and 86
developing it during hospitalization. Sepsis, accounting for 48.8% of cases, was the most common AKI precipitator, with
spontaneous bacterial peritonitis being the most common form of infection present in 60 patients (46.5%). The distribution
of AKI stages was as follows: stage 1 in 51 patients (39.53%), stage 2 in 48 patients (37.2%), and stage 3 in 30 patients
(23.25%) (Table 2). Regarding AKI phenotypes, HRS-AKI was observed in 82 patients (63.56%), PRA in 29 patients
(22.48%), and ATN-AKI in 18 patients (13.95%). Among the HRS-AKI patients, 32 (39.02%) were in stage 1, 30 (36.58%) in
stage 2, and 20 (24.39%) in stage 3. Of the 86 patients who developed AKI during hospitalization, 59 (72%) had HRS-AK]I,
13 (72.2%) had ATN-AKI, and 14 (48.2%) had PRA.

Table 2 compares the characteristics between patients in the non-AKI and AKI phenotype groups. The severity of liver
disease, indicated by the mean CTP score, was significantly higher in the ATN-AKI (11.89 + 1.08), HRS-AKI (10.44 + 1.87),
and PRA (9.83 + 1.61) groups compared to the non-AKI group (7.93 + 2.08; P < 0.001). The mean MELD-Na score was
significantly higher in the ATN-AKI (29.60 £ 7.19) group compared to the HRS-AKI (22.10 + 7.10), PRA (21.50 + 5.54), and
non-AKI (17.70 + 5.70) (P < 0.001) groups. Sepsis as an AKI precipitator was most prevalent in the 49 (59.75%) HRS-AKI
patients and 12 (66.67%) ATN-AKI patients. By contrast, only 2 patients (6.9%) in the PRA group had sepsis, and no
sepsis cases were observed in the non-AKI group (P < 0.001).

RRI measurements

RRI in the whole cohort: The mean RRI of our study cohort was 0.68 + 0.09. RRI showed a significant increase with
escalating CTP classes: CTP-A (0.56 + 0.08), CTP-B (0.65 + 0.08), and CTP-C (0.71 + 0.07) (Supplementary Table 1).
Additionally, RRI was notably higher in patients with a high median MELD-Na score (= 21) compared to those with a low
median MELD-Na score (< 21). Moreover, significantly different RRI values were observed between patients with ascites
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Table 1 Baseline clinical characteristics of the study population, n = 200
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Parameter Frequency
Age in yr, mean + SD 49.08 +11.68
Male, 1 (%) 159 (79.5)
Etiology of cirrhosis, 1 (%)

Alcohol 78 (39.0)

NAFLD 49 (24.5)

Viral 37 (18.5)

Others 36 (18.0)
CTP Class, 1 (%)

A 23 (11.5)

B 66 (33.0)

C 111 (55.5)
Cirrhosis duration in mo, median (IQR) 6.00 (2.001-4.40)
CTP score, mean + SD 9.59 +2.27

MELD-Na score, median
BMI, mean + SD
Comorbidity, n (%)
None
Type 2 DM
HTN
Hypothyroidism
Duration of type 2 DM in mo, mean + SD
Duration of HTN in mo, mean + SD
ACLF presence, 11 (%)
ACLF grade among n = 27, n (%)
1
1II
111
Abdominal circumference in cm, mean + SD
Ascites among n =153, n (%)
Grade II
Grade III
Diuretic responsive
Diuretic resistant
MAP in mmHg, mean + SD

Heart rate in bpm, median (IQR)

21 (7-40) +7.19

19.79 £3.05

121 (60.5)

34 (17.0)

44 (22.0)
1(0.5)
2394+133
24.09 +11.84

27 (13.5)

6(22.2)
10 (37.0)
11 (40.7)

95.64 +16.28

70 (45.7)
83 (54.3)
90 (59.0)
63 (41.0)
76.16 + 5.39

80.00 (60.00-130.00)

ACLF: Acute-on-chronic liver failure; CTP: Child Turcotte Pugh; DM: Diabetes mellitus; HTN: Hypertension; IQR: Interquartile range; MAP: Mean arterial
pressure; MELD: Model for end-stage liver disease; NAFLD: Non-alcoholic fatty liver disease; SD: Standard deviation.
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Table 2 Baseline clinical characteristics according to the type of acute kidney injury, n = 200

Parameter PRA, n=29 ATN-AKl, n=18 HRS-AKI, n =82 No-AKl, n=T71 P value
Age in yr, mean * SD 53.9+10.1 43.3+10.8 50.7 +11.3 46.8+12.0 0.003
Sex as male/female 26/3 16/2 64/18 53/18 0.268
Etiology of cirrhosis: 15/9/4/1 14/1/2/1 25/21/25/11 24/18/17/12 0.012
Alcohol/NAFLD/ viral/others

Hepatic encephalopathy, 1 (%) 4 (13.7) 1(5.5) 5(6.1) 7 (9.8) 0.568
Gl bleed, 1 (%) 1(3.4) 0(0.0) 2(24) 55 (69.6) <0.001
Sepsis, 11 (%) 2(6.9) 12 (66.6) 49 (59.7) 0 (0.0) <0.001
Shock, 1 (%) 0 (0.0) 18 (100.0) 0 (0.0) 0(0.0) <0.001
ACLEF, n (%) 0 (0.0) 13 (72.2) 14 (17.0) 0 (0.0) <0.001
CTP score, mean + SD 9.83 +1.61 11.89 +1.08 10.44 +1.87 7.93 +2.08 <0.001
MELD-Na score, mean + SD 21.50 + 5.54 29.60 £7.19 22.10+7.10 17.70 £5.70 <0.001
Stage of AKI: Stage 1/stage 2/stage 3 16/13/0 3/5/10 32/29/21 0/0/0 <0.001
Ascites: No/diuretic 1/26/2 0/7/11 0/34/48 46/23/2 <0.001
responsive/refractory

Hemoglobin in g/dL, mean + SD 7.78 £1.58 8.79+2.27 8.87 +1.75 7.97 £2.54 0.010
Total leukocyte count as cells/ mm?®, mean 7410 + 5750 13760 + 6760 7290 + 3990 5640 + 3290 <0.001
+SD

Platelet count as cells/mm?®, mean + SD 89700 + 31600 97100 + 27600 98000 + 32700 98200 + 38400 0.654
Bilirubin in mg/dL, mean + SD 1.76 £1.13 10.11 £8.70 3.62 +3.35 2.20+1.82 <0.001
ALT in U/L, mean + SD 40.5+23.1 53.1+24.6 571779 38.6 +28.9 0.078
AST in U/L, mean = SD 64.3 £41.2 130.7 £59.1 109.4 £ 63.2 68.4 £ 66.9 <0.001
INR, mean + SD 1.64 £0.42 2.43 +0.66 1.83 £0.57 1.57 £0.45 <0.001
Albumin, mean + SD 2.80 £0.41 2.48 +£0.34 2.62 +0.43 2.98 +£0.47 <0.001
Urea in mg/dL, mean + SD 90.10 £20.24 33.40 £ 6.85 443 +29.68 44.0 £26.31 <0.001
Creatinine in mg/dL on Day 1, mean +SD  1.68 + 0.191 0.911 £ 0.264 1.335+0.778 0.940 + 0.276 <0.001
Creatinine in mg/dL on Day 3, mean+SD  1.53 £ 0.315 3.10 £1.165 2.81+£1.537 0.975+0.212 <0.001
CRP in mg/L, mean + SD 38.6 +28.1 4224257 37.7+32.7 234+199 <0.001
Serum sodium in mEq/L, mean * SD 126 + 23.52 128 £ 6.26 130 + 6.66 133 +4.89 0.001
Serum potassium in mEq/L, mean + SD 442 +0.611 4.35 + 0.604 4.25 +0.668 414 +0.552 0.155
RRI, mean + SD 0.63 £0.07 0.80 + 0.02 0.73£0.0 0.60 +0.07 <0.001

P value: P < 0.05 was considered statistically significant between the groups. ACLF: Acute on chronic liver failure; AKI: Acute kidney injury; ALT: Alanine
aminotransferase; AST: Aspartate aminotransferase; ATN: Acute tubular necrosis; CRP: C-reactive protein; CTP: Child Turcotte Pugh; GI: Gastrointestinal;
HRS: Hepatorenal syndrome; INR: International normalized ratio; MELD-Na: Model for end-stage liver disease-sodium; NAFLD: Non-alcoholic fatty liver
disease; PRA: Prerenal AKI; RRI: Renal resistive index; SD: Standard deviation.

(0.71 £ 0.07) and without ascites (0.58 £ 0.07), with P < 0.001.

RRI According to AKI: The mean RRI was significantly higher in patients with AKI than those without it (0.72 + 0.06 vs
0.60  0.08; P < 0.001). Furthermore, patients with stage III AKI exhibited significantly higher RRI values (0.75 * 0.04)
compared to patients with stage II (0.71 £ 0.06) and stage I (0.70 + 0.07) AKI (P < 0.001). Amongst AKI phenotypes, RRI
was notably higher in patients with ATN-AKI (0.80 + 0.02) compared to the HRS-AKI (0.73 £ 0.03), PRA (0.63 + 0.07), and
non-AKI (0.60 + 0.07) groups (P < 0.001). RRI was greatly elevated in patients with HRS-AKI compared to those with PRA
(P <0.001). However, there was no statistically significant difference in RRI values between the PRA and non-AKI groups
(P =0.061). Moreover, RRI was significantly higher in patients with low mean arterial pressure (MAP) and tachycardia
compared to their counterparts (P < 0.001). Patients who died during hospitalization had significantly higher RRI values
than those who survived (0.74 + 0.04 vs 0.64 + 0.09; P < 0.001). Interestingly, RRI values did not vary significantly across
different age groups, sex, BMI categories, and various etiologies of cirrhosis (Supplementary Table 1).
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Cirrhosis patients

5 = 557 Critically ill requiring ICU care: 148

Urinary tract infection: 43
Advance encephalopathy: 40
Excluded Active variceal bleed: 39
Hepatocellular carcinoma: 38
Abdominal malignancies: 05
Chronic kidney disease on RRT: 21

Congestive heart failure: 10
Eligible study cohort Pregnancy: 02
n =200 Lack of consent: 11

Assessment of renal resistive index by
duplex Doppler USG

HRS-AKI ATN-AKI Pre-renal AKI No AKI
82 (41%) 18 (9%) 29 (14.5%) 71 (35.5%)

Figure 2 Selection of study participants. A total of 557 hospitalized cirrhosis patients were evaluated during study period. On the basis of various exclusion
criteria, 357 patients were excluded. Finally, 200 cirrhosis patients were found eligible for the inclusion. AKI: Acute kidney injury; ATN: Acute tubular necrosis; HRS:
Hepatorenal syndrome; ICU: Intensive care unit; PRA: Pre-renal AKI; RRT: Renal replacement therapy; USG: Ultrasound.

High vs low RRI

Among the 200 patients, high RRI (> 0.73) was found in 82 (41%) patients. Of these, 96.3% (n = 79) had AKI either at
presentation or during hospitalization. By contrast, only 50 (42.4%) of 118 patients in the low RRI group had AKI (P <
0.001). High RRI predicted the occurrence of AKI during hospitalization, with 54 of 82 patients (65.8%) with high RRI
developing AKI during hospitalization compared to 32 of 118 patients (27.1%) in the low RRI group (P < 0.001). Overall,
17 patients (94.4%) with ATN-AKI, 59 (72%) with HRS-AKI, and 3 (10.3%) with PRA had high RRI (P < 0.001). Table 3
provides a comparison of different parameters between patients with high and low RRI. On conducting multivariate
analysis, low MAP (adjusted OR [aOR] = 0.86, 95%Cl = 0.76-0.98; P = 0.02) and AKI (aOR = 11.52, 95%CI = 2.12-62.49; P =
0.005) were identified as independent predictors of high RRI (Supplementary Table 2).

RRI in differentiating AKI phenotypes

To differentiate ATN-AKI from non-ATN-AKI, the diagnostic accuracy (AUROC) of RRI was 94%. Additionally, an RRI
cut-off value of 0.77 had a sensitivity of 89%, specificity of 96%, positive predictive value (PPV) of 80%, and negative
predictive value (NPV) of 98% for predicting ATN-AKI. However, the diagnostic accuracy of RRI in differentiating HRS-
AKI from non-HRS-AKI was poor, with an AUROC curve of only 56%. RRI showed good accuracy in differentiating PRA
from both HRS-AKI (AUROC: 87%) and ATN-AKI (AUROC: 93%). Nonetheless, diagnostic accuracy of RRI for differen-
tiating PRA from non-AKI was poor. The sensitivity, specificity, PPV, and NPV for various discriminatory cut-offs are
shown in Table 4.

RRI and mortality

The in-hospital mortality rate of the study cohort was 30.50% (61 of 200 patients), with all patients except one dying with
AKI. RRI was significantly higher in those who died during hospitalization as compared to those who remained alive
(0.75 £ 0.04 vs 0.64 + 0.090, P < 0.001). Among the AKI patients, 60 (48.06%) of 129 died during hospitalization. High RRI
(aOR 3.18, 95%CI = 1.35-7.49; P = 0.008) emerged as an independent predictor of mortality among AKI patients
(Supplementary Table 3).

DISCUSSION

AKI is common among hospitalized cirrhosis patients, and early prediction of AKI along with accurate differentiation
between different AKI phenotypes can have significant therapeutic implications. The results of this study suggest that
RRI is a reliable tool for evaluating renal hemodynamics in cirrhosis patients. In our cohort of 200 cirrhosis patients, RRI
showed strong correlations with AKI, predicted AKI occurrence, differentiated between ATN and HRS-AKI from PRA,
and independently predicted mortality in AKI patients.

Traditionally, the use of RRI has been advocated for cirrhosis patients to distinguish between structural and functional
forms of AKI. Such differentiation is crucial not only for guiding optimal treatment decisions but also for avoiding
unnecessary volume expansion and the adverse effects of vasoconstrictor medication. While many studies have shown
higher RRI values in HRS patients compared to non-AKI patients, there is a lack of studies focusing on RRI’s performance
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Table 3 Comparison of clinical parameters in patients with and without high RRI, n = 200

Parameters High RRI, > 0.73, Low RRI, £0.73, P value
n=82 n=118

Age in yr, mean * SD 47.98 +11.01 50.40 +£12.37 0.810

Sex

Male, 1 (%) 69 (84.1) 90 (76.2) 0.170
Comorbidity, n (%)

Present 19 (23.2) 60 (50.8) 0.110
ACLF among n = 27 20 (24.3) 7 (5.9) <0.001
ACLF grade, 1 (%)

Grade I 5(25) 1(0.8) 0.002

Grade IT 7 (35) 3(2.5)

Grade IIT 8 (40) 3(2.5)

AKI, 1 (%) 79 (96.3) 50 (42.4) <0.001
AKI stage among n =129, n (%)

Stage I 27 (32.9) 24 (20.3)

Stage II 28 (34.1) 19 (16.1)

Stage III 24 (29.2) 7.0 (5.9)

AKI phenotype among n =129, n (%)

ATN-AKI 17 (94.4) 1(0.8) <0.001

HRS-AKI 59 (72) 23 (19.4)

PRA 3(10.3) 26 (22.0)

BMI in kg/m? 19.70 £ 3.06 19.87 £3.06 0.169
Abdominal circumference in cm 102.98 +10.2 90.54 +17.6 <0.001
Duration of cirrhosis in mo 10.96 £11.5 10.55 +12.18 0.574
Etiology, n (%)

Alcohol 31 (37.8) 47 (39.8) 0.907

NAFLD 19 (23.2) 30 (25.4)

Viral 22 (26.8) 15 (12.7)

Others 10 (12.2) 26 (22.1)

CTP class, n (%)

A 1(1.2) 22 (18.6) <0.001

B 17 (20.7) 49 (41.5)

C 64 (78.1) 47 (39.8)

MELD-Na Score 23 (7-33) 19 (7-28) <0.001
Ascites among n =153, 1 (%)

Grade-II 26 (32.5) 44 (37.2.3) <0.001

Grade-III 54 (67.5) 29 (24.5)

MAP in mmHg 73.50 £ 6.77 78.2+2.61 <0.001
Heart rate 90.8 +16.55 80.8 +7.35 <0.001

P value: P < 0.05 was considered statistically significant between the groups. ACLF: Acute on chronic liver failure; AKI: Acute kidney injury; ATN: Acute
tubular necrosis; BMI: Body mass index; CTP: Child Turcotte Pugh; HRS: Hepatorenal syndrome; MAP: Mean arterial pressure; MELD-Na: Model for end-
stage liver disease-sodium; NAFLD: Non-alcoholic fatty liver disease; PRA: Prerenal AKI; RRI: Renal resistive index; SD: Standard deviation.
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Table 4 Discriminatory performance of renal resistive index for different phenotypes of acute kidney injury

Parameters AUROC curve RRI cut-off Sensitivity Specificity PPV NPV
ATN-AKI vs non-ATN AKI ~ 94% 0.77 89% 9% 80% 98%
ATN-AKI vs HRS-AKI 94% 0.77 89% 98% 94% 97%
ATN-AKI vs PRA 93% 073 100% 89% 85% 100%
HRS-AKI vs non HRS-AKI ~ 56% 0.72 94% 55% 78% 84%
HRS-AKI vs PRA 87% 0.71 95% 89% 9% 86%
PRA vs no-AKI 59% 0.59 76% 45% 36% 81%

AKI: Acute kidney injury; ATN: Acute tubular necrosis; AUROC: Area under receiver operating characteristic curve; HRS: Hepatorenal syndrome; NPV:
Negative predictive value; PPV: Positive predictive value; PRA: Prerenal AKI; RRI: Renal resistive index.

in ATN-AKI scenarios[7-9]. For instance, a small study by Maroto et al[8] reported significantly higher RRI in AKI
patients compared to non-AKI patients (mean RRI: 0.74 vs 0.64). However, this study considered all AKI patients as
having HRS, which may not reflect real-world scenarios accurately. In another study by Fouad et al[15], RRI was notably
greater in HRS patients than in those with non-AKI cirrhosis. However, the study did not specifically address ATN. In
our research, we measured RRI in patients with all three AKI phenotypes. The highest RRI values were observed in
patients with ATN-AKI. Moreover, RRI was excellent at discriminating ATN-AKI from non-ATN-AKI (AUROC: 94%).
Patients with PRA showed significantly lower RRI values compared to those with ATN-AKI and HRS-AKI. These
findings are consistent with a recent study by George et al[9], which also observed elevated RRI values in patients with
ATN-AKI and HRS-AKI and lowest RRI values in patients with PRA. This suggests that intrarenal vascular resistance
remains markedly high in patients with ATN-AKI. Several factors, including a marked arteriolar vasoconstriction, tissues
edema, endothelial dysfunction, and micro-thrombosis, may contribute to high RRI values in ATN-AKI patients[16].
These changes are not observed in HRS-AKI patients, making a high RRI value (0.77 or more) indicative of ATN-AKI over
HRS-AKI (Table 4).

RRI demonstrated good accuracy in differentiating PRA from both HRS-AKI (AUROC: 87%) and ATN-AKI (AUROC:
93%). This finding holds important therapeutic and prognostic implications in clinical practice. In our study, the optimal
RRI cut-off value to differentiate HRS-AKI from PRA was 0.71, which was higher than the corresponding 0.62 cut-off
reported by George et al[9]. The exclusion of patients with DM and hypertension in their study may explain the lower RRI
cut-off value. Studies by Bruno et al[14] have indicated that the presence of DM and hypertension can elevate RRI values,
suggesting increased arterial stiffness in these patients.

The mean RRI in our study cohort increased significantly with higher grades of CTP class in cirrhosis (CTP class A:
0.56; class B: 0.65; class C: 0.71). This observation aligns with findings from previous studies by Sacerdoti ef al[17] and
Culafi¢ et al[18]. Furthermore, RRI was higher in cirrhosis patients with ascites than those without it. It must be noted that
RRI dynamics do not change linearly with changes in renal vascular resistance in advanced cirrhosis. Several variables,
including intra-abdominal pressure, heart rate, arterial blood pressure, and vascular compliance, can influence RRI. In
our study, the presence of SBP and lower MAP were also found to be associated with high RRI values.

Assessing renal function in cirrhosis patients presents multiple challenges. Serum creatinine levels often underestimate
the degree of renal dysfunction due to factors such as sarcopenia. While urine neutrophil gelatinase-associated lipocalin
shows promise in differentiating ATN-AKI from other AKI types, it is not currently available in clinical practice in most
countries[19]. RRI, measured by Doppler ultrasound, is a sensitive marker of renal vasoconstriction and can identify
patients at risk of developing AKIL. In our study, 65.8% of patients with high RRI developed AKI during hospitalization
compared to 27% of those with RRI below the cut-off (P < 0.001). In a study by Bardi et al[20], cirrhosis patients with RRI
of 0.70 or higher had a 3.32 relative risk of developing HRS. Thus, detecting high RRI could be crucial for early
intervention and prevention of renal disease progression, as they have been linked with poor outcomes in cirrhosis
patients with AKI. In another study, an RRI value of 0.78 predicted poor outcomes in patients with HRS[20]; this is also
seen in our study where RRI independently predicted mortality in cirrhosis patients with AKI. In hospitalized cirrhosis
patients, AKI has been independently associated with mortality with OR of 3.80[21].

Our study aimed to investigate the relevance of RRI measurement by using a Doppler ultrasound, an underutilized but
affordable, accessible, safe, and reproducible tool for assessing renal impairment in cirrhosis patients. Nevertheless, our
study has limitations. The results might not be generalizable because the study only involved one center. RRI's
dynamicity with respect to outcome factors could not be evaluated because it was only measured once at baseline.
Moreover, the small proportion of ATN-AKI patients and reliance on ancillary tests rather than biomarkers of tubular
damage or renal biopsy for ATN diagnosis were additional limitations[22].

CONCLUSION

In conclusion, our study highlighted the importance of RRI measurements in patients with cirrhosis. RRI exhibited a
significant association with AKI, effectively differentiated between AKI phenotypes, and predicted AKI-related mortality
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in cirrhosis patients. Further large scale studies, which also address the limitations of this study, are required to validate
the findings of our study.
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