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Supplementary Table 1. Representative clinical studies on serum and urine diagnostic 
biomarkers in kidney diseases. 

Kidney 
disease Biofluid Biomarker Type Marker of 

 

Cut-off (≥) Sensitivity Specificity Ref. 

CKD 

Blood 

Creatinine Waste 
product 

Glomerular 
filtration 

1 mg/dL 

 

1 mg/dL 

 

97 µmol/l 

30.8% (women) 
65.8% (men) 

 
 

63.5% (women) 
94.5% (men) 

 
 

33% 

98.8% (women) 
83.7% (men) 

 
 

96.3% (women) 
63% (men) 

 
 

78% 

1 
 
 
 
2 
 
 
 
3 

Blood Urea 
Nitrogen (BUN) 

Waste 
product 

Glomerular 
filtration 

NA Associated with CKD 
progression (value 

NA) 

Associated with CKD 
progression (value 

NA) 

 
4 
 

Cystatin C Protein Glomerular 
function 

 
 
 
 
 

NA 
 

1.21 mg/L 

81-98% 
 

82% (pediatric) 

67%-100% 
 

77% 

 
5 
 
6 

NGAL Protein 
Proximal 
tubular 
injury 

435 ng/mL 
 

45 ng/mL 

 

83.9% 
 

84% 

 
53.8% 

 
77% 

 
7 
 
6 

Urine 

Proteinuria, 
albuminuria Protein 

Glomerular 
permeabilit

y 

NA 
 

Association with CKD 
progression 
(value NA) 

 
Association with CKD 

progression 
(value NA) 

8,9,10 

NGAL Protein 
Proximal 
tubular 
injury 

231 ng/mL 
 

20.5 μg/L 

80.6% 
 

90.2% 

73.8% 
 

67.9% 

7 
 

11 

NAG Protein 
Proximal 
tubular 
injury 

9 U/gCr 
 

82.4% 
 

60.5% 
 

11 

AKI 

Blood 

 
Creatinine 

 

Waste 
Product 

Glomerular 
filtration 

1.17 mg/dL 
 

0.6 mg/dL 
 

1.4 ng/mL 

50% 
 

32% (pediatric) 
 

81% 

52% 
 

70% (pediatric) 
 

82% 

12 
 

13 
 

14 

Blood Urea 
Nitrogen (BUN) 

Waste 
Product 

Glomerular 
filtration 

16.1 mmol/L 

16.76 mmol/L 

17.19 mmol/L 

54.2% (Stage I) 

71.7% (Stage II) 

82.9% (Stage III) 

77.5% (Stage I) 

76% (Stage II) 

75.2% (Stage III) 

15 

Cystatin C Protein Glomerular 
filtration 

0.94 mg/L 

0.85 mg/ml 

63% 
 

89.5% 

66% 
 

82.5% 

16 
 

17 

NGAL Protein 
Proximal 
tubular 
injury 

90.5 ng/mL 

154 ng/mL 

293 ng/mL 

150 μg/L (2hrs) 

61.7% 

59% (pediatric) 

50% 

84% 

59.1 % 

54% (pediatric) 

82% 

94% 

18 

13 

19 

20 

Urine Proteinuria, 
albuminuria Proteins 

Glomerular 
permeabilit

y 
NA 

Association with 
kidney disease 

progression after AKI 
(value NA) 

Association with 
kidney disease 

progression after AKI 
(value NA) 

21 
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KIM-1 Protein 
Proximal 
tubular 
injury 

1412 pg/mL 
 

2.817 ng/mL 
 

0.42 ng/mg 
 

2 ng/mg uCr 
 

1.73 ng/mg 

87.5% 
 

52% 
 

92% 
 

65% 
 

80% 

93.3% 
 

79% 
 

58% 
 

80% 
 

99% 

22 
 

14 
 

23 
 

24 
 

25 

IL-18 Protein Inflammatio
n 2.74 pg/mg 68% 95% 25 

NGAL Protein 
Proximal 
tubular 
injury 

100 ng/mL 
 

104 ng/mL 
 

102 ng/mL 
 

102 ng/mL 
 

50 μg/L (2h) 
 

82.7 ng/mg 

82% 
 

68% 
 

75% (pediatric) 
 

46% 
 

100% 
 

80% 

90% 
 

81% 
 

65% (pediatric) 
 

81% 
 

98% 
 

96% 

26 
 

 14 
 

13 
 

19 
 

27 
 

25 

NAG Protein 
Proximal 
tubular 
injury 

18.5 U/g uCr 
(3h post op) 

 
40.0 U/mg uCr 
(12h post op) 

 
0.015 U/mg 

53.57% 
 
 

84% 
 
 

80% 

70.59% 
 
 

55% 
 
 

65% 

28 
 
 

24 
 
 

25 

TIMP2*IGFBP  Proteins 

Cell cycle 
arrest in 

renal 
tubular cells 

 0.39 (ng/ml)2 /1000 
 

 0.817 
(ng/ml)2/1000 (1d 

post op) 

97% 
 

80% 

72% 
 

81% 

29 
 

12 

L-FABP Protein 

Oxidative 
stress of 
proximal 

tubular cells 

NA 

211 ng/mg Cr (4h) 

47.1 ng/mgCr 

33.9 ng/mL 

44.1 μg/g Cr 

24.5 μg/g Cr 

33.4 ng/ml (4h) 

12.9 ng/ml 

74.5% 

95.2% 

83% 

50% 

86% 

82% 

92.9% 

50% 

77.6% 

63.16% 

90% 

95% 

100% 

69% 

44.9% 

80% 

30 

31 

32 

33 

34 

35 

36 

14 

IL-18 Cytokine 

Acute 
tubular 
necrosis 

after 
cardiac 
surgery 

20 pg/mL 

49 pg/mL 

125 pg/mL 

0.065 ng/ml 

60 pg/ml 

92 pg/mg 

200 pg/ml 

60% (24h) 

96.6% 

69% (pediatric) 

43% 

54% 

75% 

68% 

89%(24h) 

62.1% 

68% (pediatric) 

78% 

82% 

66% 

95% 

37 

38 

13 

14 

19 

23 

25 

Abbreviations: References (Ref.), Not Available (NA), Chronic Kidney Disease (CKD), Acute Kidney 
Injury (AKI), Neutrophil gelatinase-associated lipocalin (NGAL), N-acetyl-glucosaminidase (NAG), 
Kidney Injury Molecule 1 (KIM-1), Interleukin-18 (IL-18), Tissue inhibitor of metalloproteinases-2 
*Insulin-like growth factor-binding protein-7 (TIMP2*IGFBP), Liver-type fatty acid-binding protein 
(L-FABP), Creatinine (Cr).   
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Supplementary Table 2. Representative clinical studies on serum and urine diagnostic biomarkers 
in kidney injury and rejection after transplant. 

Biofluid Biomarker Type 

 
 

Marker of 

 

Cut-off (≥) 

 

 
 

Sensitivity 

 
 

Specificity 

 
 

Ref. 

Blood 

Creatinine Waste 
Product 

 
 

Glomerular filtration, 
allograft dysfunction 

 

NA 

 

1.20 mg/dL 

75% 
 
 
 

83% 

72% 
 
 
 

54% 

39 
 
 
 

40 

Blood Urea Nitrogen 
(BUN) 

Waste 
Product 

Glomerular filtration, 
allograft dysfunction 

NA Late diagnosis (value 
NA) 

Late diagnosis 
(value NA) 

41-42 

Cystatin C Protein 

 
 

Glomerular filtration, 
allograft dysfunction 

1.27 mg/L 
 
 

NA 

77.8% 
 
 

Diagnostic accuracy 
better than serum 

creatinine 

78.8% 
 
 

Diagnostic 
accuracy better 

than serum 
creatinine 

40 
 
 

43 
 
 

NGAL Protein Proximal tubular injury, 
allograft rejection 

6865 pg/mL 
 
 

309 ng/mL 

60% 
 
 

AKI and graft rejection 
(12h) 100% 

73% 
 
 

92% 

44 
 
 

45 
 
 

KIM-1 Protein Allograft rejection 153 pg/mL 
(1d post-transplant) 

84.4% 86.7% 46 

 
Donor Specific 

Antibody (DSA) 
Antibodies Allograft rejection 

 

MFI>500 

78% 
(Immucor) 

 
88% 

(One Lambda) 
 

86% 
(Immucor) 

 
68% 

(One Lambda) 

 
 

47 

Donor-derived cell-
free DNA (dd-cfDNA) 

Next-
generation 
sequencing 

assay to 
quantify dd-

cfDNA 

Allograft rejection 

 

1% 59% 85% 48 

Tutivia 
17 gene 

GEP 
RNASeq 

Allograft rejection Risk score > 50 51% 85% 49 

 

Trugraf 
57 gene 

GEP 
microarray 

 

Allograft rejection 

 

0.375 64% 

 

87% 

 

50 

Cylex-Immuknow 

CD4+ 
lymphocyte

s ATP 
production 

Allograft rejection NA 51% 90% 51 

 

 

 

 

Proteinuria, 
albuminuria Proteins Death-censored 

graft loss 

 

NA 50.0% 79.8% 52 

Urinary-cell mRNA 
profiling (CTOT-04 

study) 

CD3Ɛ, IP10 
(mRNAs), 
and 18S 
(rRNA) 

Allograft rejection −1.213 79% 78%  
53  
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Urine 

Urine mRNA assay 
(QSant) 

Urine cell-
free DNA, 
methylated 

cell-free 
DNA, 

clusterin, 
CXCL10, 
creatinine 
and total 
protein 

Allograft rejection 

 

Q-Score 32 
 

95.8% 99.3% 

 

 

54 

 
 

qPCR exosomes GEP 
(BioTechne) 

Urinary 
exosomal 
mRNAs 

Allograft rejection NA 84.7% 94% 55 

miRNA-210 Urinary 
microRNA Allograft rejection Ratio of 7.9 × 

10−6 52% 74% 56 

NGAL Protein Proximal tubular injury 

 
 
 
 
 
 
 

100 ng/mL 
 

350 ng/mL 
(1d post-transplant) 

 
 
 
 
 
 
 
 

100% 
 

77% 
(dialysis within 1-week 

post- transplant) 

93% 
 

74% 

57 
 

58 

KIM-1 mRNA 

Proximal tubular injury, 
allograft dysfunction 

 
 

Allograft rejection 
 

Long-term graft 
dysfunction 

923.43 pg/mg 
(18h post-transplant) 

 
153 pg/mL 

(24h post-transplant) 
 

3.98 ng/mmol 
(1d post-op) 

89.9% 
 
 

84.4% 
 
 

90% 

100% 
 
 

86.7% 
 
 

51.66% 

59 
 
 

60 
 
 

61 

CXCL9 Chemokine Allograft rejection 

37.8 pg/mL 
 
 

NA 
 

86% 
 
 

58.8% 
(T-cell rejection: 80%) 

80% 
 
 

84.5% 
87% 

39 
 
 

62 
 

CXCL10 Chemokine Allograft rejection 

28 pg/mL 
 
 

NA 

80% 
 
 

59% 

76% 
 
 

83.3% 

39 
 
 

62 

IL-18 Cytokine Allograft dysfunction 90 pg/mL 83% (dialysis within 1 
week of transplant) 75% 58 

Abbreviations: References (Ref.), Not Available (NA), Chronic Kidney Disease (CKD), Acute Kidney 
Injury (AKI), Blood Urea Nitrogen (BUN), Neutrophil gelatinase-associated lipocalin (NGAL), Kidney 
Injury Molecule 1 (KIM-1), Donor Specific Antibody (DSA), Donor-derived cell-free DNA (dd-
cfDNA), Interleukin-18 (IL-18), Gene expression profile (GEP), RNA sequencing (RNAseq), 
Adenosine triphosphate (ATP), messenger RNA (mRNA), Clinical Trials in Organ Transplantation 
(CTOT), C-X-C motif chemokine ligand 9 (CXCL9), C-X-C motif chemokine ligand 10 (CXCL10), 
Interferon-inducible protein 10 (IP-10), Quantitative polymerase chain reaction (qPCR), microRNA 
(miRNA), ribosomal RNA (rRNA), 18S ribosomal RNA (18S).  
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Supplementary Table 3. Brief overview of current imaging techniques for kidney disease diagnosis 
and their main limitations. 

Diagnostic 
imaging Target disease* Sensitivity Specificity Ref. 

 

Main Limitations 

Ultrasound 

 
 
 

AKI 
 
 
 

 
CKD 

 
 
 
 

Allograft disease 
 
 

 
 
 

Obstructive acute 
nephropathy 
 (value NA) 

 
 

Correlation with chronic, 
irreversible renal disease  

(value NA) 
 
 

Rejection: limited utility 
(value NA) 

 
 
 

Obstructive acute 
nephropathy  
(value NA) 

 
 

Correlation with chronic, 
irreversible renal disease 

(value NA) 
 
 

Rejection: limited utility 
(value NA) 

 

 
 
 

63 
 
 

 
 

64 
 
 
 
 

65 
 
 

Operator-dependent 

Influenced by body 
habitus of the patient 

Presence of gas may 
affect the image 

 

Doppler 
ultrasound 

 
AKI 

 
 

CKD 
 
 
 

Allograft disease 
 

 
32% 

 
 

80%  
(CKD stages ≥4-5) 

 
47% 

43-82% 
(Acute rejection) 

 

 
72% 

 
 

88%  
(CKD stages ≥4-5) 

  
67% 

33-100%  
(Acute rejection) 

 

 
66 
 
 

67 
 

 
68 
69 
 

CEUS 
 

 
 

AKI 
 
 
 
 

CKD 
 
 
 
 

Allograft disease 

 
 

60%  
(AKI stage 3) 

 
 
 

28%  
(CKD progression) 

 
 
 

Rejection-related perfusion 
abnormalities: not defined  

 

 
 

70%  
(AKI stage 3) 

 
 
 

33%  
(CKD progression) 

 
 
 

Rejection-related perfusion 
abnormalities: not defined 

 
 

70 
 
 
 
 

70 
 
 
 
 

 
71 
 
 

CT 

 
 

AKI 
 
 
 
 

 
CKD 

 
 
 
 
 

Allograft disease 
 

 
 

Obstructive acute 
nephropathy 
(value NA) 

 
 
 

CKD progression by 
assessing kidney volume 

(value NA)  
 
 
 

Urinary leaks and urinoma 
Peri-operative or iatrogenic 

complications 
(value NA) 

 
 

 Obstructive acute 
nephropathy 
(value NA) 

 
 
 

CKD progression by 
assessing kidney volume 

(value NA) 
 
 
 

Urinary leaks and urinoma 
Peri-operative or iatrogenic 

complications 
(value NA) 

 

 
 

72 
 
 
 
 
 

73 
 
 
 
 
 

74 

Irradiation 

Iodine-containing 
contrast medium 

MRI 

 
 
 
 

AKI 
 

 
Evidence growing due to 

new techniques 
(value NA) 

 
 

 
Evidence growing due to 

new techniques  
(value NA) 

 
 

 
75 
 
 
 
 

 

 

Contraindicated if 
electrically, 



7 

 

 
 
 
 

CKD 
 
 
 
 

Allograft disease 
 

Acute bilateral renal 
cortical necrosis 

(value NA) 
 

MRI imaging biomarkers 
under development 

(values NA) 
 
 

Not established in routine 
follow up 

(value NA) 
 

Acute bilateral renal 
cortical necrosis  

(value NA) 
 

MRI imaging biomarkers 
under development  

(values NA) 
 
 

Not established in routine 
follow-up  

(value NA) 
 

76 
 

 
 

77 
 
 
 
 

78 

magnetically or 
mechanically implanted 

devices (i.e., cardiac 
pacemaker) 

Prolonged images 
acquisition 

 

*Other specific diseases affecting the kidneys that could be significantly detected by radiologic tools: congenital anomalies of kidney and urinary tract, 
renal masses, renal artery stenosis, renal vein thrombosis, renal infarction. 

Abbreviations: References (Ref.), Not Available (NA), Acute Kidney Injury (AKI), Chronic Kidney 
Disease (CKD), Contrast-enhanced Ultrasound (CEUS), Computed Tomography (CT), Magnetic 
Resonance Imaging (MRI).  

  



8 

 

References 

1 Jafar, T. H., Schmid, C. H. & Levey, A. S. Serum creatinine as marker of kidney 

function in South Asians: a study of reduced GFR in adults in Pakistan. J Am Soc 

Nephrol 16, 1413-1419 (2005). https://doi.org:10.1681/ASN.2004121100 

2 Volkmann, M. A. et al. Hidden renal dysfunction causes increased in-hospital 

mortality risk after coronary artery bypass graft surgery. Rev Bras Cir Cardiovasc 

26, 319-325 (2011). https://doi.org:10.5935/1678-9741.20110005 

3 Burkhardt, H., Bojarsky, G. & Gladisch, R. Diagnostic efficiency of cystatin C and 

serum creatinine as markers of reduced glomerular filtration rate in the elderly. 

Clin Chem Lab Med 40, 1135-1138 (2002). https://doi.org:10.1515/CCLM.2002.199 

4 Seki, M. et al. Blood urea nitrogen is independently associated with renal 

outcomes in Japanese patients with stage 3-5 chronic kidney disease: a 

prospective observational study. BMC Nephrol 20, 115 (2019). 

https://doi.org:10.1186/s12882-019-1306-1 

5 Zhou, B., Zou, H. & Xu, G. Clinical Utility of Serum Cystatin C in Predicting 

Diabetic Nephropathy Among Patients with Diabetes Mellitus: a Meta-Analysis. 

Kidney Blood Press Res 41, 919-928 (2016). https://doi.org:10.1159/000452593 

6 Mitsnefes, M. M. et al. Serum neutrophil gelatinase-associated lipocalin as a 

marker of renal function in children with chronic kidney disease. Pediatr Nephrol 

22, 101-108 (2007). https://doi.org:10.1007/s00467-006-0244-x 

7 Bolignano, D. et al. Neutrophil gelatinase-associated lipocalin (NGAL) and 

progression of chronic kidney disease. Clin J Am Soc Nephrol 4, 337-344 (2009). 

https://doi.org:10.2215/CJN.03530708 

8 Burton, C. & Harris, K. P. The role of proteinuria in the progression of chronic 

renal failure. Am J Kidney Dis 27, 765-775 (1996). https://doi.org:10.1016/s0272-

6386(96)90512-0 

9 Cravedi, P. & Remuzzi, G. Pathophysiology of proteinuria and its value as an 

outcome measure in chronic kidney disease. Br J Clin Pharmacol 76, 516-523 

(2013). https://doi.org:10.1111/bcp.12104 

10 Hemmelgarn, B. R. et al. Relation between kidney function, proteinuria, and 

adverse outcomes. JAMA 303, 423-429 (2010). 

https://doi.org:10.1001/jama.2010.39 

11 Ding, H. et al. Urinary neutrophil gelatinase-associated lipocalin (NGAL) is an early 

https://doi.org:10.1681/ASN.2004121100
https://doi.org:10.5935/1678-9741.20110005
https://doi.org:10.1515/CCLM.2002.199
https://doi.org:10.1186/s12882-019-1306-1
https://doi.org:10.1159/000452593
https://doi.org:10.1007/s00467-006-0244-x
https://doi.org:10.2215/CJN.03530708
https://doi.org:10.1016/s0272-6386(96)90512-0
https://doi.org:10.1016/s0272-6386(96)90512-0
https://doi.org:10.1111/bcp.12104
https://doi.org:10.1001/jama.2010.39


9 

 

biomarker for renal tubulointerstitial injury in IgA nephropathy. Clin Immunol 123, 

227-234 (2007). https://doi.org:10.1016/j.clim.2007.01.010 

12 Pilarczyk, K. et al. Urinary [TIMP-2]*[IGFBP7] for early prediction of acute kidney 

injury after coronary artery bypass surgery. Ann Intensive Care 5, 50 (2015). 

https://doi.org:10.1186/s13613-015-0076-6 

13 Parikh, C. R. et al. Postoperative biomarkers predict acute kidney injury and poor 

outcomes after pediatric cardiac surgery. J Am Soc Nephrol 22, 1737-1747 (2011). 

https://doi.org:10.1681/ASN.2010111163 

14 Nickolas, T. L. et al. Diagnostic and prognostic stratification in the emergency 

department using urinary biomarkers of nephron damage: a multicenter 

prospective cohort study. J Am Coll Cardiol 59, 246-255 (2012). 

https://doi.org:10.1016/j.jacc.2011.10.854 

15 Lu, H. Y. et al. Predictive Value of Serum Creatinine, Blood Urea Nitrogen, Uric 

Acid, and beta(2)-Microglobulin in the Evaluation of Acute Kidney Injury after 

Orthotopic Liver Transplantation. Chin Med J (Engl) 131, 1059-1066 (2018). 

https://doi.org:10.4103/0366-6999.230726 

16 Gaygisiz, U. et al. Can admission serum cystatin C level be an early marker 

subclinical acute kidney injury in critical care patients? Scand J Clin Lab Invest 76, 

143-150 (2016). https://doi.org:10.3109/00365513.2015.1126854 

17 Yim, H. et al. Serum cystatin C and microalbuminuria in burn patients with acute 

kidney injury. Eur J Clin Invest 45, 594-600 (2015). 

https://doi.org:10.1111/eci.12452 

18 Jahaj, E. et al. Serum Neutrophil Gelatinase-Associated Lipocalin (NGAL) Could 

Provide Better Accuracy Than Creatinine in Predicting Acute Kidney Injury 

Development in Critically Ill Patients. J Clin Med 10 (2021). 

https://doi.org:10.3390/jcm10225379 

19 Parikh, C. R. et al. Postoperative biomarkers predict acute kidney injury and poor 

outcomes after adult cardiac surgery. J Am Soc Nephrol 22, 1748-1757 (2011). 

https://doi.org:10.1681/ASN.2010121302 

20 Dent, C. L. et al. Plasma neutrophil gelatinase-associated lipocalin predicts acute 

kidney injury, morbidity and mortality after pediatric cardiac surgery: a prospective 

uncontrolled cohort study. Crit Care 11, R127 (2007). 

https://doi.org:10.1186/cc6192 

21 Hsu, C. Y. et al. Post-Acute Kidney Injury Proteinuria and Subsequent Kidney 

https://doi.org:10.1016/j.clim.2007.01.010
https://doi.org:10.1186/s13613-015-0076-6
https://doi.org:10.1681/ASN.2010111163
https://doi.org:10.1016/j.jacc.2011.10.854
https://doi.org:10.4103/0366-6999.230726
https://doi.org:10.3109/00365513.2015.1126854
https://doi.org:10.1111/eci.12452
https://doi.org:10.3390/jcm10225379
https://doi.org:10.1681/ASN.2010121302
https://doi.org:10.1186/cc6192


10 

 

Disease Progression: The Assessment, Serial Evaluation, and Subsequent Sequelae 

in Acute Kidney Injury (ASSESS-AKI) Study. JAMA Intern Med 180, 402-410 (2020). 

https://doi.org:10.1001/jamainternmed.2019.6390 

22 Tekce, B. K. et al. Does the kidney injury molecule-1 predict cisplatin-induced 

kidney injury in early stage? Ann Clin Biochem 52, 88-94 (2015). 

https://doi.org:10.1177/0004563214528312 

23 Liangos, O. et al. Comparative analysis of urinary biomarkers for early detection of 

acute kidney injury following cardiopulmonary bypass. Biomarkers 14, 423-431 

(2009). https://doi.org:10.1080/13547500903067744 

24 Han, W. K. et al. Urinary biomarkers in the early diagnosis of acute kidney injury. 

Kidney Int 73, 863-869 (2008). https://doi.org:10.1038/sj.ki.5002715 

25 Vaidya, V. S. et al. Urinary biomarkers for sensitive and specific detection of acute 

kidney injury in humans. Clin Transl Sci 1, 200-208 (2008). 

https://doi.org:10.1111/j.1752-8062.2008.00053.x 

26 Bennett, M. et al. Urine NGAL predicts severity of acute kidney injury after cardiac 

surgery: a prospective study. Clin J Am Soc Nephrol 3, 665-673 (2008). 

https://doi.org:10.2215/CJN.04010907 

27 Mishra, J. et al. Neutrophil gelatinase-associated lipocalin (NGAL) as a biomarker 

for acute renal injury after cardiac surgery. Lancet 365, 1231-1238 (2005). 

https://doi.org:10.1016/S0140-6736(05)74811-X 

28 Han, W. K., Wagener, G., Zhu, Y., Wang, S. & Lee, H. T. Urinary biomarkers in the 

early detection of acute kidney injury after cardiac surgery. Clin J Am Soc Nephrol 

4, 873-882 (2009). https://doi.org:10.2215/CJN.04810908 

29 Titeca-Beauport, D. et al. The urine biomarkers TIMP2 and IGFBP7 can identify 

patients who will experience severe acute kidney injury following a cardiac arrest: 

A prospective multicentre study. Resuscitation 141, 104-110 (2019). 

https://doi.org:10.1016/j.resuscitation.2019.06.008 

30 Susantitaphong, P. et al. Performance of urinary liver-type fatty acid-binding 

protein in acute kidney injury: a meta-analysis. Am J Kidney Dis 61, 430-439 

(2013). https://doi.org:10.1053/j.ajkd.2012.10.016 

31 Portilla, D. et al. Liver fatty acid-binding protein as a biomarker of acute kidney 

injury after cardiac surgery. Kidney Int 73, 465-472 (2008). 

https://doi.org:10.1038/sj.ki.5002721 

32 Ferguson, M. A. et al. Urinary liver-type fatty acid-binding protein predicts adverse 

https://doi.org:10.1001/jamainternmed.2019.6390
https://doi.org:10.1177/0004563214528312
https://doi.org:10.1080/13547500903067744
https://doi.org:10.1038/sj.ki.5002715
https://doi.org:10.1111/j.1752-8062.2008.00053.x
https://doi.org:10.2215/CJN.04010907
https://doi.org:10.1016/S0140-6736(05)74811-X
https://doi.org:10.2215/CJN.04810908
https://doi.org:10.1016/j.resuscitation.2019.06.008
https://doi.org:10.1053/j.ajkd.2012.10.016
https://doi.org:10.1038/sj.ki.5002721


11 

 

outcomes in acute kidney injury. Kidney Int 77, 708-714 (2010). 

https://doi.org:10.1038/ki.2009.422 

33 Nozue, T., Michishita, I. & Mizuguchi, I. Predictive value of serum cystatin C, 

beta2-microglobulin, and urinary liver-type fatty acid-binding protein on the 

development of contrast-induced nephropathy. Cardiovasc Interv Ther 25, 85-90 

(2010). https://doi.org:10.1007/s12928-010-0014-3 

34 Matsui, K. et al. Clinical significance of tubular and podocyte biomarkers in acute 

kidney injury. Clin Exp Nephrol 15, 220-225 (2011). 

https://doi.org:10.1007/s10157-010-0384-y 

35 Manabe, K. et al. Urinary liver-type fatty acid-binding protein level as a predictive 

biomarker of contrast-induced acute kidney injury. Eur J Clin Invest 42, 557-563 

(2012). https://doi.org:10.1111/j.1365-2362.2011.02620.x 

36 Katagiri, D. et al. Combination of two urinary biomarkers predicts acute kidney 

injury after adult cardiac surgery. Ann Thorac Surg 93, 577-583 (2012). 

https://doi.org:10.1016/j.athoracsur.2011.10.048 

37 Parikh, C. R. et al. Urinary IL-18 is an early predictive biomarker of acute kidney 

injury after cardiac surgery. Kidney Int 70, 199-203 (2006). 

https://doi.org:10.1038/sj.ki.5001527 

38 Zheng, J. et al. Comparison of urinary biomarkers for early detection of acute 

kidney injury after cardiopulmonary bypass surgery in infants and young children. 

Pediatr Cardiol 34, 880-886 (2013). https://doi.org:10.1007/s00246-012-0563-6 

39 Jackson, J. A. et al. Urinary chemokines CXCL9 and CXCL10 are noninvasive 

markers of renal allograft rejection and BK viral infection. Am J Transplant 11, 

2228-2234 (2011). https://doi.org:10.1111/j.1600-6143.2011.03680.x 

40 Yang, Y. et al. Cystatin C-Based Equation for Predicting the Glomerular Filtration 

Rate in Kidney Transplant Recipients. Transplant Proc 49, 1018-1022 (2017). 

https://doi.org:10.1016/j.transproceed.2017.03.050 

41 Vaidya, V. S., Ferguson, M. A. & Bonventre, J. V. Biomarkers of acute kidney injury. 

Annu Rev Pharmacol Toxicol 48, 463-493 (2008). 

https://doi.org:10.1146/annurev.pharmtox.48.113006.094615 

42 Sharaby, I. et al. Biomarkers for Kidney-Transplant Rejection: A Short Review 

Study. Biomedicines 11 (2023). https://doi.org:10.3390/biomedicines11092437 

43 Plebani, M. et al. Is serum cystatin C a sensitive marker of glomerular filtration 

rate (GFR)? A preliminary study on renal transplant patients. Ren Fail 20, 303-309 

https://doi.org:10.1038/ki.2009.422
https://doi.org:10.1007/s12928-010-0014-3
https://doi.org:10.1007/s10157-010-0384-y
https://doi.org:10.1111/j.1365-2362.2011.02620.x
https://doi.org:10.1016/j.athoracsur.2011.10.048
https://doi.org:10.1038/sj.ki.5001527
https://doi.org:10.1007/s00246-012-0563-6
https://doi.org:10.1111/j.1600-6143.2011.03680.x
https://doi.org:10.1016/j.transproceed.2017.03.050
https://doi.org:10.1146/annurev.pharmtox.48.113006.094615
https://doi.org:10.3390/biomedicines11092437


12 

 

(1998). https://doi.org:10.3109/08860229809045115 

44 Field, M. et al. The use of NGAL and IP-10 in the prediction of early acute 

rejection in highly sensitized patients following HLA-incompatible renal 

transplantation. Transpl Int 27, 362-370 (2014). https://doi.org:10.1111/tri.12266 

45 Cappuccilli, M., Capelli, I., Comai, G., Cianciolo, G. & La Manna, G. Neutrophil 

Gelatinase-Associated Lipocalin as a Biomarker of Allograft Function After Renal 

Transplantation: Evaluation of the Current Status and Future Insights. Artif Organs 

42, 8-14 (2018). https://doi.org:10.1111/aor.13039 

46 Jin, Z. K. et al. Kidney injury molecule-1 and osteopontin: new markers for 

prediction of early kidney transplant rejection. Mol Immunol 54, 457-464 (2013). 

https://doi.org:10.1016/j.molimm.2013.01.013 

47 Bertrand, D. et al. Comparison of Two Luminex Single-antigen Bead Flow 

Cytometry Assays for Detection of Donor-specific Antibodies After Renal 

Transplantation. Transplantation 103, 597-603 (2019). 

https://doi.org:10.1097/TP.0000000000002351 

48 Bloom, R. D. et al. Cell-Free DNA and Active Rejection in Kidney Allografts. J Am 

Soc Nephrol 28, 2221-2232 (2017). https://doi.org:10.1681/ASN.2016091034 

49 Bestard, O. et al. Prospective observational study to validate a next-generation 

sequencing blood RNA signature to predict early kidney transplant rejection. Am J 

Transplant 24, 436-447 (2024). https://doi.org:10.1016/j.ajt.2023.09.021 

50 Friedewald, J. J. et al. Development and clinical validity of a novel blood-based 

molecular biomarker for subclinical acute rejection following kidney transplant. 

Am J Transplant 19, 98-109 (2019). https://doi.org:10.1111/ajt.15011 

51 Wang, Z. et al. Performance of the ImmuKnow assay in differentiating infection 

and acute rejection after kidney transplantation: a meta-analysis. Transplant Proc 

46, 3343-3351 (2014). https://doi.org:10.1016/j.transproceed.2014.09.109 

52 Rodrigo, E. et al. Cystatin C and albuminuria as predictors of long-term allograft 

outcomes in kidney transplant recipients. Clin Transplant 27, E177-183 (2013). 

https://doi.org:10.1111/ctr.12082 

53 Suthanthiran, M. et al. Urinary-cell mRNA profile and acute cellular rejection in 

kidney allografts. N Engl J Med 369, 20-31 (2013). 

https://doi.org:10.1056/NEJMoa1215555 

54 Nolan, N. et al. Clinical and Analytical Validation of a Novel Urine-Based Test for 

the Detection of Allograft Rejection in Renal Transplant Patients. J Clin Med 9 

https://doi.org:10.3109/08860229809045115
https://doi.org:10.1111/tri.12266
https://doi.org:10.1111/aor.13039
https://doi.org:10.1016/j.molimm.2013.01.013
https://doi.org:10.1097/TP.0000000000002351
https://doi.org:10.1681/ASN.2016091034
https://doi.org:10.1016/j.ajt.2023.09.021
https://doi.org:10.1111/ajt.15011
https://doi.org:10.1016/j.transproceed.2014.09.109
https://doi.org:10.1111/ctr.12082
https://doi.org:10.1056/NEJMoa1215555


13 

 

(2020). https://doi.org:10.3390/jcm9082325 

55 El Fekih, R. et al. Discovery and Validation of a Urinary Exosome mRNA Signature 

for the Diagnosis of Human Kidney Transplant Rejection. J Am Soc Nephrol 32, 

994-1004 (2021). https://doi.org:10.1681/ASN.2020060850 

56 Lorenzen, J. M. et al. Urinary miR-210 as a mediator of acute T-cell mediated 

rejection in renal allograft recipients. Am J Transplant 11, 2221-2227 (2011). 

https://doi.org:10.1111/j.1600-6143.2011.03679.x 

57 Heyne, N. et al. Urinary neutrophil gelatinase-associated lipocalin accurately 

detects acute allograft rejection among other causes of acute kidney injury in 

renal allograft recipients. Transplantation 93, 1252-1257 (2012). 

https://doi.org:10.1097/TP.0b013e31824fd892 

58 Hall, I. E. et al. IL-18 and urinary NGAL predict dialysis and graft recovery after 

kidney transplantation. J Am Soc Nephrol 21, 189-197 (2010). 

https://doi.org:10.1681/ASN.2009030264 

59 Yadav, B. et al. Urinary Kidney injury molecule-1 can predict delayed graft function 

in living donor renal allograft recipients. Nephrology (Carlton) 20, 801-806 (2015). 

https://doi.org:10.1111/nep.12511 

60 Xu, C. X. et al. Prediction of acute renal allograft rejection by combined HLA-G 

14-bp insertion/deletion genotype analysis and detection of kidney injury 

molecule-1 and osteopontin in the peripheral blood. Transpl Immunol 65, 101371 

(2021). https://doi.org:10.1016/j.trim.2021.101371 

61 Zhu, M. et al. The predictive value of urinary kidney injury molecular-1 for long-

term graft function in kidney transplant patients: a prospective study. Ann Transl 

Med 9, 244 (2021). https://doi.org:10.21037/atm-20-2215a 

62 Rabant, M. et al. Urinary C-X-C Motif Chemokine 10 Independently Improves the 

Noninvasive Diagnosis of Antibody-Mediated Kidney Allograft Rejection. J Am Soc 

Nephrol 26, 2840-2851 (2015). https://doi.org:10.1681/ASN.2014080797 

63 Podoll, A., Walther, C. & Finkel, K. Clinical utility of gray scale renal ultrasound in 

acute kidney injury. BMC Nephrol 14, 188 (2013). https://doi.org:10.1186/1471-

2369-14-188 

64 Moghazi, S. et al. Correlation of renal histopathology with sonographic findings. 

Kidney Int 67, 1515-1520 (2005). https://doi.org:10.1111/j.1523-1755.2005.00230.x 

65 Jehn, U., Schuette-Nuetgen, K., Kentrup, D., Hoerr, V. & Reuter, S. Renal Allograft 

Rejection: Noninvasive Ultrasound- and MRI-Based Diagnostics. Contrast Media 

https://doi.org:10.3390/jcm9082325
https://doi.org:10.1681/ASN.2020060850
https://doi.org:10.1111/j.1600-6143.2011.03679.x
https://doi.org:10.1097/TP.0b013e31824fd892
https://doi.org:10.1681/ASN.2009030264
https://doi.org:10.1111/nep.12511
https://doi.org:10.1016/j.trim.2021.101371
https://doi.org:10.21037/atm-20-2215a
https://doi.org:10.1681/ASN.2014080797
https://doi.org:10.1186/1471-2369-14-188
https://doi.org:10.1186/1471-2369-14-188
https://doi.org:10.1111/j.1523-1755.2005.00230.x


14 

 

Mol Imaging 2019, 3568067 (2019). https://doi.org:10.1155/2019/3568067 

66 Wiersema, R. et al. Diagnostic accuracy of arterial and venous renal Doppler 

assessment for acute kidney injury in critically ill patients: A prospective study. J 

Crit Care 59, 57-62 (2020). https://doi.org:10.1016/j.jcrc.2020.05.012 

67 Hanamura, K., Tojo, A., Kinugasa, S., Asaba, K. & Fujita, T. The resistive index is a 

marker of renal function, pathology, prognosis, and responsiveness to steroid 

therapy in chronic kidney disease patients. Int J Nephrol 2012, 139565 (2012). 

https://doi.org:10.1155/2012/139565 

68 Perrella, R. R. et al. Evaluation of renal transplant dysfunction by duplex Doppler 

sonography: a prospective study and review of the literature. Am J Kidney Dis 15, 

544-550 (1990). https://doi.org:10.1016/s0272-6386(12)80524-5 

69 Allen, K. S. et al. Renal allografts: prospective analysis of Doppler sonography. 

Radiology 169, 371-376 (1988). https://doi.org:10.1148/radiology.169.2.3051114 

70 Yoon, H. E. et al. A pilot trial to evaluate the clinical usefulness of contrast-

enhanced ultrasound in predicting renal outcomes in patients with acute kidney 

injury. PLoS One 15, e0235130 (2020). 

https://doi.org:10.1371/journal.pone.0235130 

71 Como, G., Da Re, J., Adani, G. L., Zuiani, C. & Girometti, R. Role for contrast-

enhanced ultrasound in assessing complications after kidney transplant. World J 

Radiol 12, 156-171 (2020). https://doi.org:10.4329/wjr.v12.i8.156 

72 Chavez-Iniguez, J. S., Navarro-Gallardo, G. J., Medina-Gonzalez, R., Alcantar-Vallin, 

L. & Garcia-Garcia, G. Acute Kidney Injury Caused by Obstructive Nephropathy. Int 

J Nephrol 2020, 8846622 (2020). https://doi.org:10.1155/2020/8846622 

73 Ghaith, N., Malaeb, B., Itani, R., Alnafea, M. & Al Faraj, A. Correlation of Kidney 

Size on Computed Tomography with GFR, Creatinine and HbA1C for an Accurate 

Diagnosis of Patients with Diabetes and/or Chronic Kidney Disease. Diagnostics 

(Basel) 11 (2021). https://doi.org:10.3390/diagnostics11050789 

74 Ghonge, N. P., Goyal, N., Vohra, S. & Chowdhury, V. Renal transplant evaluation: 

multimodality imaging of post-transplant complications. Br J Radiol 94, 20201253 

(2021). https://doi.org:10.1259/bjr.20201253 

75 Selby, N. M. & Francis, S. T. Assessment of Acute Kidney Injury using MRI. J Magn 

Reson Imaging (2024). https://doi.org:10.1002/jmri.29281 

76 Francois, M. et al. MR imaging features of acute bilateral renal cortical necrosis. 

Am J Kidney Dis 35, 745-748 (2000). https://doi.org:10.1016/s0272-6386(00)70024-

https://doi.org:10.1155/2019/3568067
https://doi.org:10.1016/j.jcrc.2020.05.012
https://doi.org:10.1155/2012/139565
https://doi.org:10.1016/s0272-6386(12)80524-5
https://doi.org:10.1148/radiology.169.2.3051114
https://doi.org:10.1371/journal.pone.0235130
https://doi.org:10.4329/wjr.v12.i8.156
https://doi.org:10.1155/2020/8846622
https://doi.org:10.3390/diagnostics11050789
https://doi.org:10.1259/bjr.20201253
https://doi.org:10.1002/jmri.29281
https://doi.org:10.1016/s0272-6386(00)70024-2


15 

 

2 

77 Selby, N. M. et al. Magnetic resonance imaging biomarkers for chronic kidney 

disease: a position paper from the European Cooperation in Science and 

Technology Action PARENCHIMA. Nephrol Dial Transplant 33, ii4-ii14 (2018). 

https://doi.org:10.1093/ndt/gfy152 

78 Kohnke, R. et al. Update on imaging-based diagnosis of acute renal allograft 

rejection. Am J Nucl Med Mol Imaging 9, 110-126 (2019).  

 

https://doi.org:10.1016/s0272-6386(00)70024-2
https://doi.org:10.1093/ndt/gfy152



