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Abstract

Background Modified furosemide responsiveness index (mFRI) is a novel biomarker for assessing diuretic response
and AKI progression in patients with early AKIl. However, the comparative predictive performance of mFRI and novel
renal biomarkers for adverse renal outcomes remains unclear. In a single-center prospective study, we aimed to
evaluate the discriminatory abilities of mFRI and other novel renal biomarkers in predicting AKI progression and
prognosis in patients with initial mild and moderate AKI (KDIGO stage 1 to 2).

Results Patients with initial mild and moderate AKI within 48 h following cardiac surgery were included in this study.
The mFRI, renal biomarkers (including serum or urinary neutrophil gelatinase-associated lipocalin [sSNGAL or uNGAL],
serum cystatin C, urinary N-acetyl-beta-D-glycosaminidase [uNAG], urinary albumin-to-creatinine ratio) and cytokines
(TNF, IL-1B, IL-2R, IL-6, IL-8, and IL-10) were measured at AKl diagnosis. The mFRI was calculated for each patient, which
was defined as 2-hour urine output divided by furosemide dose and body weight. Of 1013 included patients, 154
(15.29%) experienced AKI progression, with 59 (5.8%) progressing to stage 3 and 33 (3.3%) meeting the composite
outcome of hospital mortality or receipt of renal replacement therapy (RRT). The mFRI showed non-inferiority or
potential superiority to renal biomarkers and cytokines in predicting AKI progression (area under the curve [AUC] 0.80,
95% confidence interval [Cl] 0.77-0.82), progression to stage 3 (AUC 0.87, 95% Cl 0.85-0.89), and composite outcome
of death and receipt of RRT (AUC 0.85, 95% Cl 0.82-0.87). Furthermore, the combination of a functional biomarker
(mFRI) and a urinary injury biomarker (UNAG or uNGAL) resulted in a significant improvement in the prediction of
adverse renal outcomes than either individual biomarker (all P<0.05). Moreover, incorporating these panels into
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p
clinical model significantly enhanced its predictive capacity for adverse renal outcomes, as demonstrated by the C
index, integrated discrimination improvement, and net reclassification improvement (all P<0.05).

Conclusions As a rapid, cost-effective and easily accessible biomarker, mFRI, exhibited superior or comparable
predictive capabilities for AKI progression and prognosis compared to renal biomarkers in cardiac surgical patients
with mild to moderate AKI.

Trial registration Clinicaltrials.gov, NCT04962412. Registered July 15, 2021, https://clinicaltrials.gov/ct2/show/NCT04
962412?cond=NCT04962412&draw=2&rank=1.
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The mFRI, a cost-effective and easily accessible biomarker, exhibited superior or
comparable predictive capabilities for AKI progression and prognosis compared to renal

biomarkers and inflammatory cytokines in cardiac surgical patients with mild to moderate AKI.

Highlights
« The mFRI'is a rapid, cost-effective and easily accessible biomarker.
- The mFRI exhibited superior or comparable predictive capabilities for AKI progression and prognosis compared
to renal biomarkers and cytokines in cardiac surgical patients with mild to moderate AKI.
- Combining the functional biomarker mFRI with a urinary injury biomarker (UNAG or uNGAL) enhanced
predictive accuracy for adverse renal outcomes.

Keywords Acute kidney injury, AKI progression, Renal biomarker, Modified furosemide responsiveness index,

Furosemide stress test, Cystatin C, N-acetyl-3-D-glycosaminidase, Neutrophil gelatinase-associated lipocalin,
\Inﬂammation cytokines
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Background

Acute kidney injury (AKI) is a common complication in
patients undergoing cardiac surgery and is associated
with a risk of chronic kidney disease (CKD), cardiovas-
cular events, and long-term mortality [1, 2]. The risk of
adverse events escalates with the progression of AKI
stages [3]. Early identification of patients at high risk
for AKI progression would facilitate targeted interven-
tions to mitigate the risk of adverse renal outcomes [4].
Previous studies have shown that renal injury biomark-
ers like serum neutrophil gelatinase-associated lipocalin
(SNGAL), urinary kidney injury molecule-1 (KIM-1),
urinary matrix metalloproteinase-7, urinary insulin-
like growth factor-binding protein 7 (IGFBP7) and tis-
sue inhibitor of metalloproteinases-2 (TIMP-2) as well
as inflammation biomarkers such as plasma IL-8 and
urinary IL-18, have varying predictive abilities for AKI
progression [5—10]. The availability of these novel bio-
markers may be limited due to their expense or variable
predictive performance. Recently, we proposed a new
biomarker to quantify the diuretic response, referred to
as modified furosemide responsiveness index (mFRI),
by calculating the ratio of 2-hour urine output to non-
standardized furosemide dose and body weight [11].
The mFRI was inversely associated with risk of AKI pro-
gression in patients with early and moderate AKI in two
independent cohort [11]. Sensitivity and specificity were
70.0% (95% confidence interval [CI] 58.7-79.7%) and
81.9% (95% CI 77.8—85.4%) at a cutoff value of 0.12 mL/
(mg-kg)/2 h, respectively. The mFRI could serve as a cost-
effective and readily available biomarker for identifying
high-risk patients susceptible to AKI progression. To
date, there exists a gap in the literature regarding the vali-
dation of mFRI in comparison with novel renal biomark-
ers for the prediction of AKI progression and prognosis.
In present study, we aimed to evaluate the performance
of mFRI alongside novel renal biomarkers, cytokines, and
their combinations in predicting adverse renal outcomes,
including AKI progression, AKI progression to stage 3,
and a composite outcome of hospital mortality and the
need for renal replacement therapy (RRT).

Methods

Study population

This single-center prospective study included consecu-
tive patients who underwent cardiac surgery at the car-
diac intensive care unit of Zhongshan Hospital, Fudan
University, China, between February 1, 2022, and Octo-
ber 31, 2022. The study protocol was approved by the
Ethics Committee of Zhongshan Hospital, Fudan Uni-
versity (B2021-390R) and registered at ClinicalTrials.gov
(NCT04962412). The study was conducted in accordance
with the Declaration of Helsinki, and written informed

Page 3 of 13

consent was obtained from the legal representatives of
the patients.

Inclusion criteria comprised adult patients aged 18
years or older who developed mild to moderate AKI
(stage 1 or 2) within 48 h of cardiac surgery and received
an intravenous bolus dose of furosemide within 24 h of
AKI identification. Patients with pre-existing chronic
kidney disease (preoperative estimated glomerular filtra-
tion rate [eGFR] <30 mL/min/1.73 m?) or previous RRT
before cardiac surgery, a history of kidney transplant or
other kidney diseases, known pregnancy, multiple oper-
ation during the hospital stay, absence of furosemide
administration or a delay exceeding 24 h from AKI crite-
ria to furosemide administration, continuous furosemide
infusion prior to or within 2 hours after the initial bolus
dose, previous administration of bolus furosemide within
6 h of the first dose, repeated use of furosemide within
2 hours after the first dose, unavailable serum or urine
samples, missing data on urine output after furosemide
administration, initial AKI stage 3 within 48 h of cardiac
surgery or being in a moribund state (with an anticipated
likelihood of death within 24 h) were excluded from the
study.

Data collection

The following data were collected: demographic char-
acteristics, comorbidities, baseline renal function, vital
signs at AKI diagnosis, as well as serum daily creatinine,
RRT, and death. The available data on furosemide dose,
administration time, and hourly urine output were also
extracted.

AKI was defined based on the Kidney Disease Improv-
ing Global Outcomes (KDIGO) criteria, which include
both serum creatinine (SCr) and urine output criteria.
The baseline serum creatinine was determined as the
lowest available value within 3 months preceding car-
diac surgery. If preoperative SCr level was not available,
the first SCr measured at hospital admission was used as
the baseline SCr. The preoperative eGFR was calculated
using the modification of diet in renal disease (MDRD)
equation.

Biomarker arrays

The mFRI was determined by dividing the total urine
output in a 2-hour period by the dose of intravenous
bolus furosemide administered within 24 h of AKI diag-
nosis and the patient’s body weight [mL/(mgkg)/2 h]
[11]. The blood and urine samples were obtained within
6 h after AKI diagnosis, centrifuged, flash-frozen, stored
at -80 °C, and thawed immediately prior to analysis. All
biomarker measurements were conducted in the cen-
tral laboratory at Zhongshan hospital, with laboratory
personnel blinded to patient outcomes. The serum or
urinary NGAL (sNGAL or uNGAL), serum cystatin
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C (sCys C), urinary N-acetyl-beta-D-glycosaminidase
(uNAG), urinary albumin, urinary and serum creatinine
were measured using the LABOSPECT 008AS platform
(Hitachi High-Tech Co., Tokyo, Japan) according to the
manufacturer’s instructions. The coefficients of inter-
assay and intra-assay variation for sNGAL, uNGAL,
sCysC and uNAG ranged 3-6% and 4-9%, respectively.
All urinary biomarkers were normalized for urinary cre-
atinine. Circulating cytokines including tumor necrosis
factor (TNF), interleukin-1f (IL-1p), interleukin-2 recep-
tor (IL-2R), interleukin-6 (IL-6), interleukin-8 (IL-8) and
interleukin-10 (IL-10) were measured using the Immulite
1000 immunoassay system (Siemens, Munich, Germany).
The inter-assay and intra-assay coefficients of variation
for cytokines were both <10%.

Outcomes

The primary outcome was AKI progression, defined as
worsening of AKI stage within 1 week (progressing from
stage 1 to either stage 2 or stage 3 or from stage 2 to stage
3). The other outcomes were monitored: progression
to stage 3, composite outcome of hospital mortality or
receipt of RRT, duration of mechanical ventilation, length
of ICU and hospital stay.

Statistical analysis

Patient characteristics were reported as median (inter-
quartile range [IQR]) or mean (standard deviation) for
continuous variables, and as frequencies and propor-
tions for categorical variables. Continuous variables
were compared using Student’s t-test or Mann-Whitney
U test, while categorical variables were analyzed using
chi-square test or Fisher’s exact test, as appropriate. The
Spearman correlation coefficient was used to assess the
correlation between biomarkers.

The predictive ability of mFRI and biomarkers for AKI
progression was assessed by calculating the area under
the curve (AUC). The robustness of mFRI’s predictive
value was validated by evaluating AKI progression to
stage 3 and composite outcome of hospital mortality or
receipt of RRT. AUC comparisons between groups were
conducted using the DeLong method. Logistic regres-
sion models were employed to evaluate the discrimina-
tory ability of panels of mFRI and other renal biomarkers
in predicting adverse renal outcomes compared with the
mFRI alone. The panels with highest AUC were chosen
for subsequent analysis. Sensitivity, specificity, posi-
tive likelihood ratio, negative likelihood ratio, positive
predictive value and negative predictive value of the
biomarkers were calculated, and optimal cutoff values
determined using Youden’s index. Besides, the logistic
regression models were also used to evaluate associations
between biomarkers and adverse renal outcomes, such as
AKI progression, progression to stage 3, and composite
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outcomes. We adjusted for confounders using two mod-
els. Model 1 was unadjusted. Model 2 was adjusted for
age, gender, Body Mass Index (BMI), diabetes mellitus,
hypertension, coronary artery disease (CAD), cerebro-
vascular disease, preoperative diuretic exposure, base-
line eGFR, surgical type, cardiopulmonary bypass used,
central venous pressure (CVP), AKI stage at enrollment
and sequential organ failure assessment (SOFA) score
[11]. The performance of mFRI and combined biomarker
panels was compared to a reference clinical model using
C-index, integrated discrimination improvement (IDI),
and net reclassification improvement (NRI) indices. Sta-
tistical analyses were conducted using SPSS 24.0 (IBM,
Armonk, NY, USA) and R software (R Foundation for
Statistical Computing), with a significance level set at
P<0.05.

Results

Patient characteristics

Between February 1, 2022, and October 31, 2022, a total
of 3,566 consecutive adult cardiac patients underwent
prospective screening for this study. Among them, 2,553
patients were excluded for various reasons, as outlined
in Fig. S1 in Supplementary Material 1. Ultimately, 1,013
patients who met mild to moderate AKI criteria after car-
diac surgery were included in the analysis. The character-
istics of the patients are presented in Table 1.

Patients with progressive AKI exhibited certain dis-
tinct characteristics compared to those without pro-
gression (Table 1). Specifically, they had lower baseline
eGFR, higher rates of redo cardiac surgery, longer dura-
tions of cardiopulmonary bypass and cross-clamp time.
Moreover, these patients demonstrated evidence of more
severe conditions at enrollment, as indicated by higher
SOFA scores, elevated CVP, increased rates of inva-
sive mechanical ventilation, and a need for vasopressor
support.

Prediction of AKI progression

Within a period of 7 days, 154 patients (15.2%) experi-
enced progression to a higher severity of AKI. Patients
who experienced AKI progression exhibited significantly
lower values of the mFRI (P<0.01), while significantly
higher levels of five renal biomarkers, including SNGAL,
sCys C, uACR, uNGAL/uCr, and uNAG/uCr, were
observed in these patients compared to those who did
not worsen (Fig. 1 and Table S1 in Supplementary Mate-
rial 2, all P<0.01). In patients with AKI progression, the
levels of TNF, IL-2R, IL-8, and IL-10 were significantly
higher compared to those without AKI progression (all
P<0.01). Conversely, there were no significant differences
in the levels of IL-1pB and IL-6 between the two groups.
The mFRI was inversely correlated with other renal
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Table 1 Demographic and clinical characteristics of patients
Overall (n=1013) AKI without progression (1=859) AKI progression (n=154) P value

Age, years 62[53,69] 63[53,69] 61[51,70] 0.64
Male sex, n (%) 785 (77.5%) 670 (78.0%) 115 (74.7%) 036
Height, cm 168[161,172] 168[161,172] 168[162,172] 0.93
Weight, kg 68.5[60,76] 68.5[60,76] 68.5[59.75,80] 0.60
BMI, kg/m2 24.49[2231,26.75]  24.46[22.28,26.67] 24.58[22.32,27.39] 042
Comorbidities

Diabetes mellitus, n (%) 166 (16.4%) 146 (17.0%) 20 (13.0%) 022
Hypertension, n (%) 546 (53.9%) 460(53.6%) 86(55.8%) 0.60
CAD, n (%) 208 (20.5%) 175 (20.4%) 33 (21.4%) 0.77
COPD, n (%) 1(0.1%) 1(0.1%) 0 (0.0%) 1.00
Cerebrovascular disease, n (%) 62 (6.1%) 49 (5.7%) 13 (8.4%) 0.19
Preoperative diuretic exposure, n (%) 615 (60.7%) 526 (61.2%) 89 (57.8%) 042
Baseline blood urea nitrogen, mmol/L 6.8[5.7,8.3] 6.8[5.7,8.2] 6.8[5.8,9.13] 0.08
Baseline creatinine, umol/L 85[73,100] 84.5[73,98] 91[76,108.25] <0.01
Baseline eGFR, ml/min/1.73m? 80[65,96] 81(66.25,97] 74160.75,88.25] <0.01
Type of surgery, n (%) <0.001
CABG only 124 (12.2%) 108 (12.6%) 16 (10.4%)

Valve only 561 (55.4%) 498 (58.0%) 63 (40.9%)

CABG and valve 70 (6.9%) 53 (6.2%) 17 (11.0%)

Aortic surgery 197 (19.4%) 152(17.7%) 45 (29.2%)

Other cardiac surgery 59 (5.8%) 46 (5.4%) 13 (8.4%)

Procedural characteristics -
Cardiopulmonary bypass used, n (%) 894 (88.3%) 752 (87.5%) 142 (92.2%) 0.10
Cardiopulmonary bypass time, min 125.5[98,162] 120[95,150] 169.5[131.75,209.25] <0.01
Cross-clamp time, min 73[55,96] 71[53,93] 87[68,111.5] <0.01
Clinical Characteristics at enrollment

AKl stage at enrollment, n (%) 031
Stage 1 893 (88.2%) 761 (88.6%) 132 (85.7%)

Stage 2 120 (11.8%) 98 (11.4%) 22 (14.3%)

Vital signs

Heart rate, beats/minute 83[76,93] 83[75,93] 83[79,96] 0.15
MAP, mm Hg 77.67[71.33,85] 78.67[72,85.33] 73.33[67.33,81.17] <0.01
CVP, mm Hg 11[10,13] 11[10,12] 12[11,14] <0.01
Invasive mechanical ventilation, n (%) 409 (40.4%) 296 (34.5%) 113 (73.4%) <0.001
Need for vasopressor support, n (%) 657 (64.9%) 532 (61.9%) 125 (81.2%) <0.001
SOFA score, points 4[2,6] 4[2,6] 7[5,9] <0.01
Furosemide dose, mg 20[20,20] 20[20,20] 20[20,40] <0.01
2 h urine output, mL 285[180,420] 300[200,450] 150[88.75,250] <001
mFRI, mL/(mg-kg)/2 h 0.20[0.12,0.32] 0.22[0.14,0.34] 0.08[0.04,0.16] <0.01
Outcome

AKI Progression, n (%) 154(15.2%) 0 (0.0%) 154(100%) <0.001
Progression to stage 3, n (%) 59 (5.8%) 0 (0.0%) 59 (38.3%) <0.001
RRT, n (%) 16 (1.6%) 0 (0.0%) 16 (10.4%) <0.001
Duration of invasive mechanical ventilation, hours ~ 19[15,36] 18[15,22] 46[19.75,108.5] <0.001
Median length of ICU stay, days 2.2[1,4.7] 1.9[1,3.8] 6[3.8,11.05] <0.001
Median length of hospital stay, days 11.5[8.9,14.5] 10.8[8.8,13.8] 14.2[10.98,20.18] <0.001
Hospital mortality, n (%) 26 (2.6%) 7 (0.8%) 19 (12.3%) <0.001
Composite outcome of RRT or death, n (%) 33(3.3%) 7 (0.8%) 26 (16.9%) <0.001

Data are presented as median [inter-quartile range] or n (%). AKI, acute kidney injury, BMI, body mass index, CABG, coronary artery bypass grafting, CAD, coronary
artery disease, COPD, chronic obstructive pulmonary disease, CVP, central venous pressure, eGFR, estimated glomerular filtration rate, MAP, mean arterial pressure,
HR, heart rate, ICU, intensive care unit, mFRI, modified furosemide responsiveness index, SOFA score, sequential organ failure assessment score, RRT, renal
replacement therapy
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Fig. 1 Comparisons of biomarkers between patients with AKI progression and those without AKI progression. *** indicates P < 0.001, notsig indicates not
statistically significant. AKI, acute kidney injury, IL-1(, interleukin-13, IL-2R, interleukin-2 receptor, IL-6, interleukin-6, IL-8, interleukin-8, IL-10, interleukin-10,
mFRI, modified furosemide responsiveness index, sCysC, serum cystatin C, SNGAL, serum neutrophil gelatinase-associated lipocalin, TNF, tumor necrosis
factor, UACR, urinary albumin/creatinine ratio, uCr, urinary creatinine, UNAG, urinary N-acetyl-3-D-glycosaminidase, uNGAL, urinary neutrophil gelatinase-

associated lipocalin

biomarkers including sSNGAL, sCys C, uACR, uNGAL/
uCr and uNAG/uCr (Supplementary Material 3: Fig. S2).
The AUCs of mFRI, renal biomarkers and cytokines
were calculated to evaluate the predictive performance
for AKI progression (Fig. 2; Table 2). The mFRI demon-
strated excellent performance in predicting AKI progres-
sion, with an AUC of 0.80 (95% CI 0.77-0.82, P<0.001).
And the renal biomarkers including SNGAL (AUC 0.77,
95% CI0.75-0.80), sCys C (AUC 0.78, 95% CI 0.76-0.81),
uACR (AUC 0.69, 95% CI 0.67-0.72), uNGAL/uCr (AUC
0.69, 95% CI 0.66—0.72), and uNAG/uCr (AUC 0.77,
95% CI 0.74-0.79) also showed significant predictive
ability for AKI progression. Regarding cytokines, only
TNEF, IL-2R, IL-8 and IL-10 demonstrated low predictive
potential for AKI progression (AUC range, 0.60—0.67).
When comparing the AUCs head-to-head, the AUC of
mFRI was significantly better than the other biomarkers,
except for sNGAL, sCys C, and uNAG/uCr (Table 2). The
optimal cutoff value of mFRI was 0.13 mL/(mgkg)/2 h
for predicting AKI progression, with sensitivity of 70.78%

(95% CI 62.9-77.8) and specificity of 77.42% (95% CI
74.5-80.2).

To enhance the predictive performance of biomarkers
for AKI progression, several panels incorporating mFRI
and renal biomarkers (mFRI plus sSNGAL, mFRI plus
sCys C, mFRI plus uACR, mFRI plus uNGAL/uCr, and
mFRI plus uNAG/uCr) were developed. The addition of
other renal biomarkers significantly improved the AUC
of mFRI (Table 3 and Fig. S3 in Supplementary Material
4). Among these panels, the combination of mFRI and
uNAG/uCr exhibited the highest AUC values (AUC 0.83,
95% CI 0.80-0.85) for predicting AKI progression.

Prediction of AKI progression to stage 3

Fifty-nine patients (5.8% of the total cohort) progressed
to stage 3 within 7 days. These patients showed signifi-
cantly lower mFRI values and significantly higher levels
of sSNGAL, sCys C, uACR, uNGAL/uCr and uNAG/uCr
compared to those who did not worsen (Fig. S4 in Sup-
plementary Material 5 and Table S1 in Supplementary
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0.80 (0.78- 0.83) — sNGAL 0.79 (0.76- 0.81)
0.81 (0.79- 0.84) —_sCys 0.77 (0.74- 0.79)
0.82 (0.79- 0.84) —-UuACR 0.81 (0.79- 0.84)

0.82 (0.79- 0.84)
0.82 (0.79- 0.84)

— uNGAL/UCr 0.83 (0.80- 0.85)
—_uNAG/Cr  0.83 (0.80- 0.85)

Fig. 2 Predictive performance of biomarkers for AKI progression (A), progression to stage 3 (B) and composite outcome (C). AKI, acute kidney injury,
AUC, area under the curve, Cl, confidence interval, mFRI, modified furosemide responsiveness index, sCysC, serum cystatin C, SNGAL, serum neutrophil
gelatinase-associated lipocalin, UACR, urinary albumin/creatinine ratio, uCr, urinary creatinine, UNAG, urinary N-acetyl-B-D-glycosaminidase, uNGAL, uri-
nary neutrophil gelatinase-associated lipocalin, RRT, renal replacement therapy

Material 2, all P<0.01). In terms of cytokines, patients
with progression to stage 3 exhibited significantly higher
levels of IL-2R, IL-6 and IL-10 (compared to those with-
out progression to stage 3) (all P<0.05). However, the
levels of TNEF, IL-1f and IL-8 were comparable between
two groups.

The mFRI significantly outperformed sNGAL, sCys C
and cytokines for predicting progression to stage 3 (Fig. 2
and Table S2 in Supplementary Material 2, all P<0.05).
Although the mFRI exhibited higher AUC (AUC 0.87,
95% CI 0.85-0.89) in predicting progression to stage 3
than uACR (AUC 0.82, 95% CI 0.79-0.84), uNGAL/uCr
(AUC 0.82, 95% CI 0.79-0.84) and uNAG/uCr (AUC
0.84, 95% CI 0.81-0.85), the differences were not statis-
tically significant. The optimal cutoff value of mFRI was
0.10 mL/(mg-kg)/2 h for predicting progression to stage
3, with sensitivity of 79.66% (95% CI 67.2—89.0) and spec-
ificity of 81.97% (95% CI 79.4—84.4).

We also examined the predictive value of combining
biomarkers for AKI progression to stage 3. Among the
evaluated panels, the combination of mFRI and uNGAL/
uCr demonstrated the highest AUC values (AUC 0.91,
95% CI 0.89-0.92). The panels of mFRI plus uNGAL/
uCr and mFRI plus uNAG/uCr significantly improved
the AUC of mFRI in predicting progression to stage
3 (Fig. S3 in Supplementary Material 4 and Table S3 in

Supplementary Material 2, all P<0.05). While combin-
ing other renal biomarkers and mFRI increase the AUCs,
there were no significant differences between these pan-
els and mFRI alone.

Prediction of composite outcome of hospital mortality or
receipt of RRT

Thirty-three patients (3.3%) met the composite outcome
of hospital mortality or receipt of RRT. Patients with
composite outcomes displayed lower mFRI values and
higher levels of renal biomarkers (Fig. S5 in Supplemen-
tary Material 6 and Table S1 in Supplementary Mate-
rial 2, all P<0.01). Regarding cytokines, patients with
composite outcome demonstrated significantly higher
levels of TNF, IL-2R and IL-8 (all P<0.05). However,
no significant differences were observed in the levels of
IL-1B, IL-6 and IL-10 between the two groups.

The mFRI, with an AUC of 0.85 (95% CI 0.82-0.87), also
exhibited significant predictive ability for the compos-
ite outcome. When comparing the AUCs head-to-head,
the predictive performance of mFRI was comparable to
sNGAL(AUC 0.79, 95%CI 0.76-0.81), sCys C (AUC 0.77,
95%CI 0.74—0.79), uACR (AUC 0.81, 95%CI 0.79-0.84),
uNGAL/uCr (AUC 0.83, 95%CI 0.80-0.85) and uNAG/
uCr (AUC 0.83, 95%CI 0.80-0.85,Fig. 2 and Table S4 in
Supplementary Material 2). The optimal cutoff value of
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Table 2 Predictive performance of biomarkers for AKI progression
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Biomarkers AUC+SEM 95% P PValue Cutoff  Sensitivity Specificity LR+ LR- PPV NPV

Cl Value Compared (95%Cl) (95%ClI) (95%Cl) (95%Cl) (95%Cl)  (95%Cl)
With mFRI

Tubular function biomarker

mFRI, mL/ 080+002 077- <001 - 0.13 70.78(62.9- 7742(745- 3.13(2.7- 038(0.3- 36(306- 93.7(91.6-

(mg-kg)/2 h 0.82 77.8) 80.2) 37) 0.5) 41.7) 95.3)

Traditional biomarker

UACR, ug/mg 069+£002 067- <001 <0.001 66.5 56.49(483- 752(722- 228(1.9- 058(0.5- 29.1(24.0- 90.6(88.2-
0.72 64.5) 78.1) 2.7) 0.7) 34.6) 92.6)

GFR biomarker

sCys C, mg/L 078+0.02 0.76- <001 064 167 72.08(64.3- 745(714- 283(24- 037(03- 33.7(286- 93.7(91.6-
0.81 79.0) 774) 33) 0.5) 39.1) 954)

Kidney injury biomarkers

sNGAL, ug/L 077002 0.75- <001 034 130 72.73(65.0- 7037(67.2- 245(2.1- 039(0.3- 30.7(26.0- 93.5(91.3-
0.80 79.6) 734) 2.8) 0.5) 35.7) 95.3)

uNGAL/uCr,ng/mg  069£0.02 066- <001 <0.001 412 69.48(61.6- 6049(57.1- 1.76(15- 05(04- 24.1(20.2- 91.7(89.1-
0.72 76.6) 63.8) 2.0) 0.6) 284) 93.8)

uNAG/uCr, U/mg 0.77+£0.02 0.74- <001 033 0.01 8247(755- 56.56(53.2- 19(1.7- 031(02- 255(1.7- 94.7(92.4-
0.79 88.1) 59.9) 2.1) 04) 29.6) 96.5)

Circulating inflammatory biomarkers

TNF, pg/mL 0.6+0.02 057- <001 <0.001 9.3 74.83(67.1- 41.98(386- 1.29(1.2- 06(0.5- 187(156- 90 4(87.0-
0.63 81.5) 454) 14) 0.8) 22.0) 3.1)

IL-163, pg/mL 050+0.03 048- 077 <0.001 50 80.13(72.9- 21.58(189- 1.02(09- 0.92(0.7- 154(129- 85.9(80.5—-
0.54 86.2) 24.5) 1.1 1.3) 18.1) 90.3)

IL-2R, U/mL 063+£002 060- <001 <0.001 865 60.26(52.0- 61.08(57.7- 1.55(1.3- 0.65(0.5- 21.6(17.8- 89.6(86.8—-
0.66 68.1) 64.4) 1.8) 0.8) 25.9) 92.0)

IL-6, pg/mL 051003 048- 077 <0001 308 23.84(17.3- 8821(85.8- 202(14- 086(0.8- 26.5(19.3- 86.7(84.2-
0.54 314) 90.3) 2.8) 0.9) 34.7) 88.9)

IL-8, pg/mL 0.61+0.03 058- <001 <0.001 34 43.71(35.7- 7889(76.0- 2.07(1.7- 0.71(0.6— 269(21.5- 88.7(86.2-
0.64 52.0) 81.6) 2.6) 0.8) 33.0) 90.9)

IL-10, pg/mL 0.67+0.03 064- <001 <0.001 15.7 56.95(48.7— 17(69.0- 2.05(1.7- 06(0.5- 26.7(22.0- 90.4(87.9-
0.70 65.0) 75.2) 24) 0.7) 31.9) 92.5)

AKI, acute kidney injury, AUC, area under the curve, Cl, confidence interval, GFR, glomerular filtration rate, IL-1B, interleukin-1B, IL-2R, interleukin-2 receptor, IL-6,
interleukin-6, IL-8, interleukin-8, IL-10, interleukin-10, mFRI, modified furosemide responsiveness index, SEM, standard error of mean, sCysC, serum cystatin C,
sNGAL, serum neutrophil gelatinase-associated lipocalin, TNF, tumor necrosis factor, uACR, urinary albumin/creatinine ratio, uCr, urinary creatinine, uNAG, urinary
N-acetyl-B-D-glucosaminidase, uNGAL, urinary neutrophil gelatinase-associated lipocalin, LR+, Positive likelihood ratio, LR-, negative likelihood ratio, PPV, Positive

predictive value, NPV, Negative predictive value

mFRI was 0.10 mL/(mg-kg)/2 h for composite outcome,
with sensitivity of 79.66% (95% CI 67.2—89.0) and speci-
ficity of 81.97% (95% CI 79.4—84.4).

We also examined the predictive value of combined
biomarkers for composite outcome. Among the evalu-
ated panels, the combination of mFRI and uNAG/uCr
demonstrated the highest AUC values (AUC 0.89, 95%CI
0.87-0.91). The addition of renal biomarkers signifi-
cantly improved the AUC of mFRI except mFRI plus sCys
C (Fig. S3 in Supplementary Material 4 and Table S5 in
Supplementary Material 2).

Associations between mFRI and adverse renal outcomes

Multivariable logistic models were utilized to evaluate
the association between biomarkers and adverse renal
outcomes. The mFRI showed significant associations
with AKI progression, progression to stage 3, and com-
posite outcomes after adjusting age, gender, BMI, diabe-
tes mellitus, hypertension, CAD, cerebrovascular disease,

preoperative diuretic exposure, baseline eGFR, surgical
type, cardiopulmonary bypass used, CVP, AKI stage at
enrollment and SOFA score (Table 4, all P<0.05).

Contribution of renal biomarkers panels to the clinical
model for adverse renal outcomes

Based on the superior predictive performance of the
combination of mFRI and uNAG/uCr in predicting AKI
progression and composite outcome, as well as the high-
est AUC of the panel comprising mFRI and uNGAL/uCr
in predicting AKI progression to stage 3, these two pan-
els were selected for further analysis. Incorporating mFRI
alone or the two panels (mFRI and uNAG/uCr or mFRI
and uNGAL/uCr) into the clinical model significantly
improved the predictive ability for AKI progression, AKI
progression to stage 3, and the composite outcome, as
demonstrated by the C index, NRI, and IDI (Table S6 in
Supplementary Material 2, all P<0.01).
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Table 3 Predictive performance of combined mFRI and renal biomarkers for AKI progression

Biomarkers AUC+SEM 95%CI P PValue Cutoff  Sensitivity Specificity LR+ LR- PPV NPV
Value Compared (95%(Cl) (95%Cl) (95%Cl) (95%Cl) (95%Cl)  (95%Cl)
With mFRI

Tubular function biomarker
mFRI 080+0.02 077- <001 - 0.13 70.78(62.9- 7742(74.5- 3.13(2.7- 0.38(0.3- 36(30.6-  93.7(91.6-

0.82 77.8) 80.2) 3.7) 0.5) 41.7) 95.3)
Biomarker combination
mFRI+UuACR 080+0.02 078 <001 002 0.20 72.08 76.84 3.1 0.36 359 93.9

0.83 (64.3-79.0) (73.9-79.6) (27-36) (03-0.5) (30.6-41.5) (91.8-955)
mFRI+sCys C 0.82+0.02 0.79- <0.01 0.006 013 83.77 68.89 2.69 0.24 32.7 959

0.84 (770-89.2) (65.7-72.0) (24-3.0) (0.2-0.3) (28.1-37.5) (94.0-973)
mFRI+sNGAL 0.82+0.02 0.79- <001 0.002 0.19 73.38 79.27 354 034 39 943

0.84 (65.7-80.2) (764-81.9) (3.0-4.2) (03-04) (33.3-44.8) (923-959)
mFRI+uNGAL/uCr  082+0.02 0.79- <001 0.008 0.20 70.13 8148 3.79 037 40.6 93.8

0.84 (622-772) (787-84.0) (3.2-45) (03-0.5) (34.6-46.8) (91.8-954)
mFRI+uNAG/uCr ~ 0.83+0.02 080- <001 0.001 0.18 70.78 81.5 3.83 0.36 40.8 93.9

0.85 (62.9-778) (78.7-840) (3.2-46) (03-0.5) (349-47.0) (92.0-955)

AKI, acute kidney injury, AUC, area under the curve, Cl, confidence interval, mFRI, modified furosemide responsiveness index, SEM, standard error of mean, sCysC,
serum cystatin C, SNGAL, serum neutrophil gelatinase-associated lipocalin, uACR, urinary albumin/creatinine ratio, uCr, urinary creatinine, uNAG, urinary N-acetyl-
B-D-glucosaminidase, uNGAL, urinary neutrophil gelatinase-associated lipocalin, LR+, Positive likelihood ratio, LR-, negative likelihood ratio, PPV, Positive predictive

value, NPV, Negative predictive value

Discussion

To the best of our knowledge, this study is the first com-
prehensive examination to compare the predictive per-
formance of mFRI and novel biomarkers measured at
AKI diagnosis for adverse renal outcomes in a large
cohort of cardiac surgical patients with initial mild and
severe AKI. Our findings indicated that mFRI exhibited
superiority or non-inferiority to renal biomarkers and
inflammation cytokines in its ability to predict AKI pro-
gression and prognosis. Furthermore, the combination of
a functional biomarker (mFRI) and a urinary injury bio-
marker (UNAG or uNGAL) resulted in a improvement in
the prediction of adverse outcomes than either individual
biomarker. Moreover, the panel into clinical model sig-
nificantly enhanced its predictive capacity.

Furosemide is commonly prescribed for fluid manage-
ment in critical ill patients. It acts by inhibiting sodium
reabsorption at the ascending limb of the loop of Henle,
leading to increased natriuresis and urine output [12, 13].
However, in the presence of AKI, a diminished diuretic
response to furosemide is frequently observed and is
associated with the severity of AKI [14]. Therefore,
assessing the diuretic response can serve as a cost-effec-
tive and simple method to evaluate renal tubular function
during AKI. The furosemide stress test (FST), introduced
by Koyner et al. in 2013, is a standardized method for
assessing diuretic response through the administra-
tion of high-dose intravenous furosemide [15]. The FST
has demonstrated significant discriminatory power in
predicting AKI progression to stage 3 in patients with
early AKI [15], with subsequent studies confirming its
predictive capability in identifying AKI progression [16,
17]. However, concerns regarding the potential adverse

effects of high-dose furosemide and hypovolemia may
limit its widespread use. Two preliminary studies have
simplified the FST as furosemide responsiveness (FR),
quantified by 2-hour urine output following different
furosemide doses. These studies have shown effective
discrimination for AKI occurrence in pediatric patients
and AKI progression in critically ill adults [18, 19]. In our
previous work, we introduced mFRI as a new biomarker
to quantify diuretic response by calculating the ratio of
2-hour urine output to nonstandardized furosemide dose
and body weight. An inverse association between mFRI
and the risk of AKI progression was observed in patients
with early AKI following cardiac surgery in two indepen-
dent cohorts [11]. The mFRI presents several advantages:
(1) bedside operability, (2) rapid results, (3) cost-effec-
tiveness, (4) universal accessibility, and (5) integrated
testing and treatment features. These features establish it
as a cost-effective and universally applicable tool for the
early identification of AKI progression. Our current find-
ings confirmed the superiority or non-inferiority of mFRI
compared to novel renal biomarkers and cytokines in
predicting AKI progression and prognosis.

sCys C, a small protein synthesized uniformly by all
nucleated cells, undergoes free filtration at the glomeru-
lus and complete reabsorption and catabolism by proxi-
mal tubular cells without tubular secretion [20]. sCys C
has been recognized as a sensitive and specific biomarker
for estimating GFR [21, 22]. While sCysC has been linked
to AKI and adverse outcomes, its predictive accuracy for
AKI progression shows significant variability [5, 7, 23].
Our study revealed that sCys C showed good predictive
capabilities for AKI progression, progression to stage 3,
and composite outcome. However, the AUCs for adverse
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renal outcomes were slightly lower than those of mFRI,
with no statistical significance.

Albumin, which can pass through the filtration barrier
in small amounts, is typically reabsorbed by the proximal
tubule. Elevated urinary albumin levels indicate increased
permeability of the glomerular basal membrane due to
injury, making it a valuable diagnostic indicator for renal
diseases, including AKI [24-26]. In this study, the AUC
of urinary albumin/creatinine ratio (WACR) was signifi-
cantly lower than that of mFRI in predicting AKI pro-
gression. However, the differences were not statistically
significant when considering progression to stage 3 AKI
and the composite outcome.

NGAL is a protein that belongs to the lipocalin family
and is expressed in various tissues, including the kidneys
[27]. NGAL is markedly induced in injured renal tubular
cells in response to injury [27]. Previous studies revealed
that both sSNGAL and uNGAL are associated with AKI
occurrence and adverse outcomes among adults under-
going cardiac surgery [28]. Furthermore, SNGAL mea-
sured at AKI diagnosis could identify patients at higher
risk for AKI progression and adverse outcomes [8]. NAG
is an enzyme predominantly localized within the lyso-
somes of renal tubular cells. Elevated levels of uNAG are
recognized as a sensitive biomarker for detecting renal
tubular damage, which may be attributed to various con-
ditions, including AKI and chronic kidney disease [20].
Our results indicate that mFRI is superior or comparable
in predicting AKI progression and prognosis compared
to the kidney injury biomarkers.

Inflammation plays a crucial role in the pathophysiol-
ogy of AKI. Elevated levels of cytokines, such as IL-6,
IL-8, IL-10, and TNF, have been linked to an increased
risk of AKI in patients across various clinical settings,
including cardiac surgery [29, 30], sepsis [31], and acute
lung injury [32]. Studies have reported an association
between plasma IL-8 levels and the progression of AKI
in adult and pediatric patients following cardiac surgery
[5]. In this study, TNF, IL-2R, IL-8, and IL-10 showed
limited predictive value for AKI progression (AUC range,
0.60-0.67) and composite outcome (AUC range, 0.63—
0.75). This discrepancy may be attributed to the ability of
the mFRI, derived from urine, to accurately detect local
tubular dysfunction, in contrast to systemic inflammation
biomarkers that lack specificity for renal injury process
due to potential confounding factors such as multiorgan
dysfunction.

Recent research has highlighted the improved predic-
tive potential for AKI diagnosis and prognosis by com-
bining damage and functional biomarkers [33, 34]. In
our study, mFRI was identified as a novel biomarker
of tubular function, and its utility in combination with
renal biomarkers was evaluated for predicting adverse
renal outcomes. The combination of mFRI and uNAG/
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uCr vyielded the highest AUC values for predicting AKI
progression and composite outcome, with a notewor-
thy AUC observed for the panel comprising mFRI and
uNGAL/uCr in predicting AKI progression to stage 3.
Incorporating the two panels (mFRI and uNAG/uCr or
mFRI and uNGAL/uCr) into the clinical model improved
the predictive ability for adverse renal outcomes. This
could be attributed to the complementary nature of func-
tional and tubular damage biomarkers, which capture
distinct aspects of nephron damage. Our findings are
consistent with the recommendations of the Acute Dis-
ease Quality Initiative (ADQI) Consensus Conference,
which advocate for the use of a combination of damage
and functional biomarkers to identify high-risk patient
groups, enhance care processes, and aid in the manage-
ment of AKI [35]. While the combination of mFRI with
damage biomarker enhances discriminatory capacity,
the rise in AUC is relatively modest. Future studies with
larger cohorts encompassing diverse etiologies or AKI
risk factors are necessary.

Our study has several limitations. Firstly, it was con-
ducted as a single-center observational study, specifi-
cally focusing on patients with cardiac surgery-associated
AKI. Secondly, the prescription of furosemide was indi-
vidually determined based on the patient’s condition,
resulting in vague indications and a lack of standardiza-
tion in the administered dose. This nonstandardized
approach may have compromised the discriminatory
ability of mFRI. Future studies should consider imple-
menting a predefined furosemide prescription protocol
to address this limitation. Thirdly, certain biomarkers,
like [TIMP-2]-[IGFBP7], was not evaluated in this study.
Lastly, our study only assessed biomarkers at the time of
AKI diagnosis, warranting further investigation to com-
pare the performance of mFRI and biomarkers kinetics
for AKI progression.

Conclusions

As a rapid, cost-effective and easily accessible biomarker,
mFRI exhibited superiority or non-inferiority to renal
biomarkers in its ability to predict AKI progression and
prognosis in cardiac surgical patients with mild to mod-
erate AKI. Furthermore, the combination of a functional
biomarker (mFRI) and a urinary injury biomarker (uUNAG
or uNGAL) resulted in an improvement in the predic-
tion of adverse renal outcomes than either individual
biomarker.

Abbreviations

AKI Acute kidney injury

AUC Area under the curve

CKD Chronic kidney disease

CvP Central venous pressure

eGFR Estimated glomerular filtration rate
GFR Glomerular filtration rate

IL-1B Interleukin-103
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IL-2R Interleukin-2 receptor

IL-6 Interleukin-6

IL-8 Interleukin-8

IL-10 Interleukin-10
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