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ABSTRACT 

Background. Post-operative acute kidney injury ( PO-AKI) is a common surgical complication consistently associated 
with subsequent morbidity and mortality. Prior kidney dysfunction is a major risk factor for PO-AKI, however it is 
unclear whether serum creatinine, the conventional kidney function marker, is optimal in this population. Serum 

cystatin C is a kidney function marker less affected by body composition and might provide better prognostic 
information in surgical patients. 
Methods. This was a pre-defined, secondary analysis of a multi-centre prospective cohort study of pre-operative 
functional capacity. Participants were aged ≥40 years, undergoing non-cardiac surgery. We assessed the association of 
pre-operative estimated glomerular filtration rate ( eGFR) calculated using both serum creatinine and serum cystatin C 

with PO-AKI within 3 days after surgery, defined by KDIGO creatinine changes. The adjusted analysis accounted for 
established AKI risk factors. 
Results. A total of 1347 participants were included ( median age 65 years, interquartile range 56–71) , of whom 775 ( 58%) 
were male. A total of 82/1347 ( 6%) patients developed PO-AKI. These patients were older, had higher prevalence of 
cardiovascular disease and related medication, were more likely to have intra-abdominal procedures, had more 
intraoperative transfusion, and were more likely to be dead at 1 year after surgery 6/82 ( 7.3%) vs 33/1265 ( 2.7%) ( P = .038) . 
Pre-operative eGFR was lower in AKI than non-AKI patients using both creatinine and cystatin C. When both 
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measurements were considered in a single age- and sex-adjusted model, eGFR-Cysc was strongly associated with 

PO-AKI, with increasing risk of AKI as eGFR-Cysc decreased below 90, while eGFR-Cr was no longer significantly 
associated. 
Conclusions. Data from over 1000 prospectively recruited surgical patients confirms pre-operative kidney function as 
major risk factor for PO-AKI. Of the kidney function markers available, compared with creatinine, cystatin C had greater 
strength of association with PO-AKI and merits further assessment in pre-operative assessment of surgical risk. 

Keywords: AKI, creatinine, cystatin C, prognosis, surgery 

KEY LEARNING POINTS 

What was known: 

• Post-operative acute kidney injury ( PO-AKI) is a common and serious complication of major surgery.
• Estimates of kidney function using creatinine may be confounded in several disease states associated with low muscle mass, 

where cystatin C may perform better.
• Less was known about use of cystatin C to stratify kidney risk before major surgery.

This study adds: 

• Compared with creatinine, cystatin C was more strongly associated with risk of PO-AKI.
• Lower creatinine relative to cystatin C was associated with worse physical function after surgery.
• Assessment of kidney function by creatinine may be confounded by lower muscle mass, and thus creatinine production in 

some surgical patients.

Potential impact: 

• Cystatin C should be considered for the assessment of kidney function in the pre-operative work-up of high-risk patient 
groups at risk of sarcopenia.

• Creatinine and cystatin C might provide in complementary information in pre-operative assessment of high-risk candidates 
for major surgery, including patients at risk of physical function outcomes.
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NTRODUCTION 

urrently, an estimated 300 million surgical patients undergo 
on-cardiac procedures each year with a steady year-on-year in- 
rease particularly in older, higher risk patients [1 –3 ]. Around 
0% of them sustain post-operative acute kidney injury ( PO- 
KI) [4 ]. While many cases of PO-AKI are asymptomatic, even 
elf-limiting occurrence of PO-AKI has been associated with in- 
reased risk of hospital readmission, development or progres- 
ion of chronic kidney disease ( CKD) , and both short-term and 
ate mortality [5 –7 ]. Importantly, development of CKD is strongly 
ssociated with accelerated cardiovascular disease and prema- 
ure cardiovascular death [8 –10 ]. Accordingly, PO-AKI may rep- 
esent a short-term injury with significant potential for longer 
erm harm, mediated by the development or worsening of CKD 

11 ]. Furthermore, pre-existing CKD is well recognized as one of 
he strongest risk factors for development of PO-AKI, allowing 
or a vicious cycle of CKD progression [11 ]. However, the associa- 
ion between estimated glomerular filtration rate based on crea- 
inine ( eGFR-Cr) and risk of adverse events after surgery may be 
onfounded by decreased muscle mass in certain disease states.
ecreased muscle mass tends to lower creatinine production,
owering serum creatinine and leading to an overestimate of kid- 
ey function [12 ]. As a result, after age adjustment, pre-operative 
GFR-Cr has been associated with a U-shaped relationship with 
isk of death [13 ]. 

In contrast to serum creatinine, cystatin C is a protein re- 
eased at constant rate from nucleated cells and is independent 
f muscle mass, age, sex and race, and excreted exclusively 
y glomerular filtration [14 ]. Equations estimating GFR based 
n cystatin C ( eGFR-Cysc) have been developed from large 
iverse populations and validated against measured GFR [15 ].
ystatin C has been shown to predict all-cause mortality and 
ardiovascular morbidity in a range of clinical settings including 
he general population [16 ], the elderly [17 ], and individuals 
ith acute and chronic cardiovascular disease [18 –20 ]. After 
ritical illness which is near universally accompanied by pro- 
ound muscle wasting, cystatin C provides a more accurate 
easure of kidney function [21 ] and is more strongly associated 
ith ongoing risk of death [22 , 23 ]. However, cystatin C has
ot been extensively explored as a pre-operative predictor of 
KI and other adverse outcomes after major surgery, despite 
any major-surgical candidates having low muscle mass. In 
ddition, kidney function and injury are also highly related 
o pre-existing cardiovascular disease and risk, however it is 
nclear how markers of cardiac risk ( biomarkers and functional 
apacity) predict AKI relative to markers of pre-operative kidney 
unction. 

In this secondary analysis of the Measurement of Exercise 
olerance before Surgery ( METS) study [24 ], we sought to ex- 
mine the relative strengths of pre-operative serum cystatin C 

ersus creatinine as predictors of PO-AKI. We examined the re- 
ationship between proposed pre-operative markers of cardiac 
isk and results of cardiopulmonary exercise testing on risk of 
O-AKI. We hypothesized that creatinine might underperform 

ystatin C as a measure of baseline kidney function in patients 
ith low muscle mass. To explore lower creatinine as a potential 
iomarker of low pre-operative muscle mass, we examined the 
elationship between creatinine:cystatin C ratio, as a potential 
ndex of muscle mass and creatinine production [25 ], and mo- 
ility status 1 year after surgery. 
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ATERIALS AND METHODS 

tudy design and setting 

his is a secondary analysis of the METS international prospec-
ive observational cohort study of pre-operative assessment 
efore non-cardiac surgery at 25 hospitals in Canada, the UK,
ustralia and New Zealand [24 ]. The study protocol and methods
ave been published previously [26 ]. The study received prior re-
earch ethics approvals and was conducted in accordance with 
he principles of the Declaration of Helsinki and the Research
overnance Framework; all participants gave written informed 
onsent to take part before surgery. 

articipants 

articipants were aged 40 years or older, undergoing elective 
on-cardiac surgery under general anaesthesia and/or regional 
naesthesia with a planned overnight stay in hospital, and 
ith at least one of the following peri-operative risk factors:

ntermediate or high-risk surgery [intraperitoneal, intratho- 
acic or major vascular ( suprainguinal or lower extremity 
ascular procedures) ], coronary artery disease, heart failure,
erebrovascular disease, diabetes mellitus, pre-operative kidney 
nsufficiency ( defined as eGFR-Cr ≤60 mL/min/1.73 m2 ( since 
his is relevant to the focus of this present study) , peripheral
rterial disease, hypertension, a history of tobacco smoking 
ithin the previous year or age 70 years or more. The exclusion
riteria were: planned procedure using only endovascular 
echnique, use of cardiopulmonary exercise testing for risk 
tratification as part of routine care, insufficient time for 
ardiopulmonary exercise testing before surgery, presence of 
n implantable cardioverter-defibrillator, known or suspected 
regnancy, previous enrolment in the study, severe hyper- 
ension ( > 180/100 mmHg) , active cardiac conditions or other 
ontraindications precluding cardiopulmonary exercise testing 
26 , 27 ]. In this AKI-focused analysis, we additionally excluded
atients with prior end-stage kidney disease on maintenance 
ialysis pre-operatively ( where AKI diagnosis does not apply) 
nd those undergoing major urological procedures ( cystectomy 
nd nephrectomy) where post-operative change in kidney 
unction might be expected as an accompaniment of the 
rocedure. 

tudy conduct and data collection 

 detailed and standardized dataset was collected before 
urgery, during the hospital stay, and at 30 days and 1 year
fter surgery. Researchers collected data directly from partic- 
pants and their medical records. Each participant underwent 
re-operative cardiopulmonary exercise testing. Blood was sam- 
led before surgery and on the first, second and third days
fter surgery, as long as the participant remained in hospi-
al. Quality of life was assessed using the EuroQol-5 Dimen-
ion ( EQ-5D) pre-operatively, at 30 days and 1 year. Blood 
amples were drawn at any point between study recruitment 
nd surgery to measure serum creatinine, cystatin C, Tro- 
onin isoforms, highly sensitive C-reactive protein ( hs-CRP) 
nd N-terminal pro-hormone of brain natriuretic peptide ( NT- 
roBNP) . These samples were stored at −70°C to −80°C at
ach study site, then analysed at the Aberdeen Royal Infir-
ary ( Aberdeen, UK) using the Siemens Vista immunoassay 
nalyser ( Siemens Healthcare Diagnostics, Frimley, UK) crea- 
inine assay used an IDMS enzymatic method while cystatin 
 particle-enhanced nephelometric immunoassay was trace- 
ble to the ERM-DA471/IFCC standard. Finally, as part of the
ETS protocol participants underwent pre-operative symp- 

om limited cycle ergometer CPET as described and published
reviously [24 , 26 ]. 

xposures and outcomes 

ur primary exposures of interest were pre-operative kidney
unction as assessed by eGFR-Cr and eGFR-Cysc based on simul-
aneous sampling in preassessment visit, centrally assayed and
alculated using the Chronic Kidney Disease Epidemiology Col-
aboration formulas relevant at the time of the study [15 , 28 ]. Our
rimary outcome was PO-AKI based on the 3-day observations
vailable from the METS study data. Based on the 2012 KDIGO
reatinine criteria for AKI [29 ], this was defined as a 1.5-fold
ncrease in serum creatinine from pre-operative baseline within
he first 3 days post-operatively or a > 26 μmol/L creatinine
ncrease within a 2-day interval ( pre-operative compared with 
ay 1 or 2, Day 1 compared with Day 2 or 3, or Day 2 compared
ith Day 3) . Hourly urine output data was not available for
KI diagnosis. For AKI diagnosis pre-operative creatinine val-
es hospital measurements were used as baseline to ensure
onsistency with post-operative samples also measured locally. 

tatistical analysis 

e used the R Version 4.1.1 [30 ] and the rms package [31 ] to
nalyse the data. Data are presented as median with interquar-
ile range and between group comparison were undertaken us-
ng Wilcoxon rank sum or Chi-squared tests for continuous and
ategorical data respectively. Paired data were analysed using
ilcoxon signed rank sum or McNemar’s tests for continuous
nd categorical data respectively. In univariate analysis, we con-
idered the association between PO-AKI and the following ad-
itional exposures including age, sex, ASA-score, Furosemide 
se, ACE/A2RB use, NSAID use, diabetes, hypertension, coro-
ary artery disease, congestive cardiac failure, surgical proce-
ure category, pre-assessment NT-proBNP and hs-CRP, as well as
easurement of pre-operative exercise capacity [CPET anaero- 
ic threshold, peak oxygen consumption and the Duke Activity
tatus Index ( DASI) ]. As a prospective study including only pa-
ients with pre-operative biomarker assessment, missing data 
as infrequent and handled in multi-variable analysis by case-
ise deletion. 
We explored the relationship between eGFR-Cr and eGFR-

ysc ( exposures) and AKI ( outcome) in multivariable logistic re- 
ression analysis adjusting for age and sex; measurements of
GFR were modelled as a non-linear predictors using a restricted
ubic splines with 5 knots following the method of Harrell [31 ].
e assessed multi-collinearity between eGFR by calculation of

he variance inflation factor with a threshold of > 5. To assess the
ost informative variables associated with AKI, we undertook
ackward selection based on minimization of the AIC from a
odel containing all the following variables associated with AKI:
ge, sex, hypertension, coronary artery disease, pre-operative 
T-proBNP and eGFR. 
Finally, in an exploratory analysis, we considered the cre-

tinine:cystatin C ratio as an index of pre-operative muscle
ass. We hypothesized that low pre-operative muscle mass as
easured by creatinine:cystatin C ratio might correlate with
bility to physically rehabilite after surgery; hence, this ratio
ight predict impaired mobility status at 1 year after surgery.
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Figure 1: Patient flow diagram showing the number of cases included in the analysis. 
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elf-reported mobility status at 1 year was assessed the mobility 
omain of the EQ-5D-3L ( response levels: no difficulty walking 
round, some difficulty and confined to bed) . As a competing 
ndpoint, death before 1 year was considered equivalent to 
confined to bed’. Modelling for the relationship between cre- 
tinine:cystatin C ratio and impaired mobility at 1 year was 
onducted similarly using logistic regression accounting for sex,
ge, body mass index ( BMI) and pre-operative mobility status. 

ample size calculation 

his was a planned secondary analysis of a prospectively col- 
ected data. The sample size was determined based on the com- 
arisons being made in the principal analysis, which has been 
ublished previously [24 ]. For this sub-study, we included all 
vailable cases with the sample size determined by this avail- 
bility. 

ESULTS 

tudy sample 

 total of 1741 patients were recruited into the METS study be- 
ween March 2013 and March 2016. After predefined exclusion of 
atients that did not have pre-assessment biomarker measures 
 n = 214) , patients who did not have surgery ( n = 43) , patients 
ith prior end-stage kidney disease ( n = 21) and patients who 
nderwent nephrectomy and/or cystectomy ( n = 116) , we anal- 
sed data obtained from 1347 participants ( Fig. 1 ) . Median age 
as 65 ( interquartile range 57–72) years, and 785 ( 58.3%) were 
ale. A total of 1246 ( 93%) patients were classified as American 
ociety of Anesthesiologists Physical Status ( ASA-PS) class 2 or 
igher. 

rimary outcome 

 total of 82 patients ( 6.1%) developed PO-AKI, with 70 in 
tage 1, 12 in Stage 2–3 and 4 patients requiring kidney re- 
lacement therapy, 80 patients sustained a > 26 μmol/dL rise 
nd 41 experienced a > 1.5-fold increase in creatinine with re- 
pect to baseline. Baseline characteristics of the cohort by AKI 
tatus are summarized in Table 1 . Overall, patients develop- 
ng PO-AKI were older, had higher prevalence of hypertension,
oronary artery disease or heart failure, but not diabetes, and 
ere more likely to take angiotensin-converting enzyme in- 
ibitors, angiotensin-2 blockers or loop diuretics. They also had 
igher ASA score, were more likely to have intra-abdominal 
rocedures and had more blood transfusion intra-operatively 
 Table 1 ) . Patients experiencing AKI were more likely to have 
ied by 1 year after surgery [6/82 ( 7.3%) vs 33/1265 ( 2.7%) ,
 = .038]. 
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Table 1: Demographic, surgical parameters and biomarkers by AKI outcome. 

No AKI AKI P Missing data ( %) 

Number of cases 1265 82 

Age, years 65.00 ( 56.00, 71.00) 67.50 ( 60.00, 75.00) .009 0 
Male sex ( %) 729 ( 57.6) 56 ( 68.3) .075 0 
Height ( cm) 168 ( 162, 175) 170 ( 166, 175) .051 8.9 
Weight ( kg) 80.0 ( 69.0, 92.0) 82.5 ( 69.9, 96.9) .444 8.9 
BMI ( kg/m2 ) 28.0 ( 24.7, 31.8) 27.4 ( 24.7, 31.9) .996 8.9 

Pre-existing conditions 
Coronary artery disease 146 ( 11.5) 19 ( 23.2) .003 0 
Diabetes 248 ( 19.6) 17 ( 20.7) .916 0 
Congestive cardiac failure 20 ( 1.6) 4 ( 4.9) .079 0 
Hypertension 697 ( 55.1) 58 ( 70.7) .008 0 

ASA-PS grade .014 0.2 
Class 1 96 ( 7.6) 2 ( 2.4) 
Class 2 739 ( 58.6) 39 ( 47.6) 
Class 3 405 ( 32.1) 38 ( 46.3) 
Class 4 22 ( 1.7) 3 ( 3.7) 

Pre-operative medication 

ACE inhibitor/ARB 471 ( 37.2) 43 ( 52.4) .009 0 
Frusemide 46 ( 3.6) 8 ( 9.8) .014 0 
NSAIDs 91 ( 7.2) 6 ( 7.3) 1 0 
Insulin 51 ( 4.0) 7 ( 8.5) .082 0 

Pre-operative CPET 

Anaerobic threshold ( mL/kg/min) 12.00 ( 10.00, 14.70) 11.50 ( 10.00, 13.07) .377 17.6
Peak oxygen consumption ( mL/kg/min) 18.50 ( 15.00, 22.00) 18.10 ( 14.40, 21.80) .46 12 
DASI 42.70 ( 26.95, 52.95) 38.20 ( 23.45, 50.70) .25 0.5 

Surgical procedure .037 0 
Vascular 22 ( 1.7) 5 ( 6.1) 
Intra-thoracic 31 ( 2.5) 3 ( 3.7) 
Intra-peritoneal or retro-peritoneal 425 ( 33.6) 36 ( 43.9) 
Orthopaedic 351 ( 27.7) 16 ( 19.5) 
Urologic or gynaecologic surgery a 298 ( 23.6) 18 ( 22.0) 
Head and neck 103 ( 8.1) 3 ( 3.7) 
Neurosurgery 7 ( 0.6) 0 ( 0.0) 
Other 28 ( 2.2) 1 ( 1.2) 

Minimally invasive surgery 424 ( 33.5) 26 ( 31.7) .829 0 
General anaesthesia 1036 ( 81.9) 75 ( 91.5) .040 0 

Any intra-op transfusion, % 2.2 7.3 .0167 0.2 
Post-op care .002 0 

Intensive care unit 107 ( 8.5) 13 ( 15.9) 
High-dependency unit 152 ( 12.0) 18 ( 22.0) 
Surgical ward 977 ( 77.2) 51 ( 62.2) 
Day surgery 29 ( 2.3) 0 ( 0.0) 

Discharge status < .001 0 
Home 1228 ( 97.1) 76 ( 92.7) 
Rehabilitation facility 36 ( 2.8) 3 ( 3.7) 
Died 1 ( 0.1) 3 ( 3.7) 

One year mortality 33 ( 2.7) 6 ( 7.3) .038 1.8 

Peri-operative creatinine, μmol/L 
Hospital pre-op 74 ( 65, 87) 82 ( 66, 99) .004 0 
Day 1 73 ( 62, 85) 117 ( 96, 146) < .001 18
Day 2 69 ( 59, 82) 121 ( 94, 148) < .001 37.2
Day 3 66 ( 55, 78) 93 ( 78, 133) < .001 47.7

Pre-operative study bloods 
Creatinine, μmol/L 73 ( 63, 85) 83 ( 65, 97) .001 0 
eGFR-Cr, mL/min/1.73 m2 87.5 ( 75.9, 96.9) 77.5 ( 62.1, 95.2) < .001 0 
Cystatin C, mg/dL 0.85 ( 0.74, 0.97) 1.02 ( 0.79, 1.19) < .001 0 
eGFR-Cysc, mL/min/1.73 m2 92.4 ( 75.8, 104.4) 72.6 ( 57.8, 103.8) < .001 0 
NT-proBNP, pg/mL 82 ( 40, 160) 129 ( 48, 426) .001 0 
hs-CRP, mg/dL 1.92 ( 0.85, 4.76) 3.15 ( 1.26, 6.38) .003 0 
Troponin-I, ng/mL 0.00 ( 0.00, 0.00) 0.00 ( 0.00, 0.00) .307 0 

Except where indicated, data are presented as n ( %) or median ( IQR) . 
a Excludes cystectomy and nephrectomy. 
ACE: angiotensin-converting enzyme; ARB: angiotensin-receptor blocker; NSAID: non-steroidal anti-inflammatory drug. 
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Figure 2: Pre-operative creatinine ( A) and cystatin C ( B) by AKI outcome. Wilcoxon Rank Sum Test. 
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rimary analysis: pre-operative kidney function 

nd risk of PO-AKI 

oth pre-operative creatinine and cystatin C were significantly 
igher in patients developing AKI, creatinine 83 vs 73 μmol/L 
 P = .001) and cystatin C 1.02 vs 0.85 mg/dL ( Wilcoxon rank 
um test, P < .001) ( Fig. 2 ) . In the entire cohort, 9.7% of pa- 
ients had an eGFR < 60 mL/min/1.73 m2 based on creatinine 
nd 10.8% when calculated using cystatin C ( McNemar’s test 
 < .001) . eGFR was lower in AKI patients using both measure- 
ents ( Fig. 3 ) , creatinine and cystatin C were highly correlated 

 Pearson R2 0.60, Supplementary data, Fig. S1) . There was no 
e
ignificant difference between creatinine and cystatin C–based 
GFR measurements in patients developing AKI ( 78 vs 73,
espectively, P = .554, Wilcoxon signed rank test) ; however, in 
hose without AKI, creatinine eGFR was slightly lower ( 87 vs 
2, P < .001) . In multivariable logistic regression accounting for 
ge and sex, modelling eGFR using a restricted cubic spline,
oth eGFR-Cr and eGFR-Cysc showed a significant non-linear 
elationship with risk of developing PO-AKI with nadir of risk 
round an eGFR of 90 and with risk of AKI increasing with
ower eGFR ( Fig. 4 , Supplementary data, Tables S1 and S2) .
hen both measurements were considered in a single model 

GFR-Cr was no longer a significant predictor of AKI while 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae004#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae004#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae004#supplementary-data
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Figure 4: Age- and sex-adjusted probability of AKI by baseline creatinine ( upper panels) or cystatin C ( lower panels) estimates of GFR ( in mL/min/1.73 m2 ) in logistic 
regression modelling treating eGFR as a non-linear covariate fitted to a restricted cubic spline. Three side-by-side panels show modelling of AKI for the 25th, 50th and 

75th centiles of age ( 51, 65 and 76 years, respectively) For eGFR-Cr a U-shaped relationship with increasing risk at low and high eGFR is apparent, for eGFR-Cysc the 
relationship is J-shaped with highest risk with lower eGFR below 90. 
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GFR-Cysc remained strongly associated with increas- 
ng risk of AKI as eGFR-Cysc decreased below 90 ( Fig. 5 ,
upplementary data, Table S3) . 

econdary analyses 

either pre-operative CPET anaerobic threshold, peak oxy- 
en consumption nor the DASI differed significantly between 
atients developing PO-AKI and those who did not ( Table 1 ) .
T-proBNP and hs-CRP were significantly higher in those
eveloping AKI ( Table 1 ) . 

ultivariable analysis 

o address the pre-operative factors most strongly associated
ith AKI development we developed a multivariable model
ontaining age, sex, hypertension, coronary artery disease,

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae004#supplementary-data
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Figure 5: Age- and sex-adjusted probability of AKI by baseline creatinine and cystatin C estimates of GFR in logistic regression modelling including both eGFR measures 
( in mL/min/1.73 m2 ) as non-linear covariates fitted to restricted cubic splines. Three side-by-side panels show modelling of AKI for the 25th, 50th and 75th centiles 
of age ( 51, 65 and 76 years, respectively) . In this model eGFR-Cr was not significantly associated with risk of AKI while eGFR-Cysc remained strongly associated. Note 

lines for eGFR creatinine of 45 and 75 in blue and green are closely overlapped. 
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nd pre-assessment NTProBNP, eGFR-Cr and eGFR-Cysc. The 
GFR measurements were modelled as non-linear effects.
fter backward selection, only sex, NT-proBNP, hypertension 
iagnosis and eGFR-Cysc ( non-linear) were retained in the final 
odel, with eGFR-Cysc being the most significant predictor,
ccounting for 84% of the total Wald statistic for the model 
 Supplementary data, Table S4) . 

xploratory analysis of mobility status 

o explore the relationship between kidney function tests and 
keletal muscle functional capacity, we examined the relation- 
hip between creatinine, cystatin C and creatinine:cystatin C ra- 
io, and EQ-5D-SL mobility status at 1 year. Outcome data were 
ot available in 78/1347 cases, leaving 1269 patients included 
n this analysis; only 3 respondents were bedbound at 1 year 
nd this group was merged with deaths before 1 year to pro- 
ide three levels. Increasing cystatin C was significantly asso- 
iated with worse mobility/survival status at 1 year ( Table 2 ) ; 
onversely, creatinine did not significantly differ across out- 
omes with rather a trend to a lower value with worse mo- 
ility/survival status. Creatinine:cystatin C ratio, a putative 
easure of muscle mass, showed stepwise decline with worse 
obility and survival outcome in males and females ( Fig. 6 ) . In 
ultivariable modelling, accounting for sex, age, BMI and base- 

ine mobility status, creatinine:cystatin C ratio was an indepen- 
ent predictor of any impaired mobility ( some mobility prob- 
ems, bedbound or dead) at 1 year ( P < .001) ( Fig. 7 ) . 

ISCUSSION 

he main finding of this analysis was that pre-operative kid- 
ey function remains one of the principal risk factors for the 
ubsequent development of PO-AKI. However, when compared 
ide by side, cystatin C was a stronger predictor of PO-AKI than 
reatinine, which provided no additional value to a statistical 
odel that included cystatin C. This is important because many 
onditions that require major surgery may be associated with 
educed muscle mass ( e.g. cancer, heart failure, etc.) , where 
reatinine may provide an inaccurate overestimate of 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae004#supplementary-data
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Table 2: Frequency and characteristics of patients by mobility status at 1 year post-operatively based on self-reported mobility or death 
by 1 year ( n = 39) . 

Mobility status at 1 year Unimpaired Some problems Bed-bound or dead a P 

Number 891 336 42 
Male sex, n ( %) 544 ( 61) 173 ( 51) 29 ( 69) .004 
Age 65 ( 57, 72) 66 ( 59, 73) 67.5 ( 62, 77) .004 
Pre-operative: some or greater mobility problems, n ( %) 196 ( 22) 192 ( 57) 16 ( 38) < .001 
Pre-op creatinine 75 ( 65, 86) 72 ( 62, 87) 67 ( 57, 88) .228
Pre-op cystatin C 0.84 ( 0.74, 0.95) 0.89 ( 0.77, 1.07) 0.96 ( 0.79, 1.08) < .001 
Creatinine:cystatin C ratio 89 ( 76, 101) 81 ( 69, 95) 79 ( 67, 87) < .001 

Data are presented as n ( %) or median ( IQR) . 
a Three bed-bound and 39 dead. 
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Figure 6: Pre-operative creatinine:cystatin C ratio and mobility and survival status at 1 year after surgery. Within each gender worse, functional outcome is associated 

with progressively lower creatinine:cystatin C ratio, a putative index of skeletal muscle mass. Notches approximate the 95% confidence interval for that median. 
Wilcoxon Rank Sum Test. 
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of AKI. 
nderlying kidney function. Our data support the need for 
urther research on the accuracy and clinical utility of cystatin
 in assessing risk of PO-AKI. 
Previous studies in cardiac surgery have suggested that in 

omparison with serum creatinine or eGFR-Cr pre-operative,
ystatin C provided better graduated estimated risks of PO-AKI 
32 ], post-operative complications and long-term mortality [33 ,
4 ]. Our current analysis extends these findings to the general
on-cardiac surgical population, which is a setting were cystatin 
 has not been extensively evaluated. In this study we have not
ssessed pre-operative cystatin C as a diagnostic biomarker for 
KI ( an event that had not yet occurred) , but instead we con-
ider it as potentially better index of baseline kidney function
s a risk factor for AKI. Actual occurrence of AKI will be de-
ermined by combination of many exposures and risk factors.
ence, in this analysis, we consider the strength of association of
re-operative eGFR-Cysc and PO-AKI in logistic regression rather
han assessing ability to ‘discriminate PO-AKI cases’ as a diag-
ostic test. 
Of the other factors significantly associated with PO-

KI in this study, heart disease, hypertension and elevated
T Pro-BNP all suggest a role for cardiovascular disease in
O-AKI pathophysiology. However, neither CPET parameters 
or the self-reported functional capacity DASI assessment of
ardiopulmonary exercise capacity was associated with risk 
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Figure 7: Logistic regression for multivariable logistic regression for the presence of impaired mobility ( death or bedbound, some impairment of mobility) at 1 year. 
Creatinine:cystatin C ratio pre-operatively remained a very significant association of the adverse mobility outcome even after accounting for gender, age, BMI and 
baseline mobility status. Predictions are shown for median age of 65 years and BMI of 25 kg/m2 . Creatinine:cystatin C ratio is based on creatinine in μmol/L and 

cystatin C in mg/dL. 
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As well as the association of low eGFR with AKI, values of 
GFR-Cr above 90 were also associated with increasing risk of 
KI—potentially such patients may actually have lower mus- 
le mass, and this might account for increased risk of com- 
lications including AKI. However, given the small numbers of 
KI cases overall, and the fact that eGFR equations are not well 
alidated for eGFR > 90, we would only suggest that clinicians 
hould not be reassured of a low risk of AKI based on an appar- 
ntly high eGFR-Cr more than that physiologically plausible for 
ge. 

Finally, in an exploratory analysis we found that the creati- 
ine:cystatin C ratio, a potential proxy of muscle mass, was asso- 
iated with poor mobility or death at 1 year, even after account- 
ng for baseline mobility status. This suggests the potential for 
tilization of creatinine and cystatin C in tandem in a dual as- 
essment of both baseline kidney function and muscle mass be- 
ore surgery, which is increasingly recognized as a risk factor for 
any adverse postoperative outcomes [35 ]. 
This study has several strengths. Patients were prospectively 

ecruited from multiple centres across three continents, and 
n analysis of creatinine, cystatin C and AKI outcomes was 
 pre-specified secondary analysis. Cystatin C and creatinine 
alues for eGFR calculations were measured in a central labo- 
atory, avoiding any inconsistencies in measurement, while AKI 
iagnosis was based on local creatinine blood tests for internal 
onsistency. The prospective study protocols [26 ] also ensured 
igh quality data collection and limited missing data enabling 
 number of sub-studies such as this one [36 –39 ]. The are some 
imitations, however. The overall AKI event rate was low at 6%,
imiting the power of the statistical analysis and suggesting the 
esults may not be directly generalizable to higher risk popu- 
ations. However, this AKI rate is representative of that seen in 
ther mixed major surgery populations [40 ]. In addition, while 
epresentation of women was 42% in the study cohort only 26 
omen had AKI ( 32% of AKI group) , given that eGFR equations 
re sex specific caution should be taken in the interpretation of 
hese results for women. Similarly, only 7% of the population,
nd five patients with AKI, were of Black ethnicity and other 
on-white ethnicity was not recorded. Other eGFR formula exist 
or cystatin C might provide differing results—our choice was 
re-specified and represents the most widely endorsed formula 
nd other formulas generally have similar coefficients and 
iverge mostly at higher eGFR [41 ]. Only 3 days of bloods were
vailable for AKI assessment. While the majority of PO-AKI is 
vident within the first 3 days, strictly PO-AKI would be defined 
s occurring up to 7 days after surgery and some late cases 
ight have been missed. In addition, lack of sequential data to 
etermine peak creatinine after Day 3 precluded analysis based 
n the maximum stage of AKI achieved, as the full time-course 
f AKI was not captured and AKI severity might thereby be 
nderestimated. It must be noted that AKI as an outcome itself 
s defined by a change in creatinine concentration, while abso- 
ute value of baseline creatinine defines one of our measures 
f pre-operative AKI risk. While detection of a fold change, or 
mall rapid increase in a marker, will be relatively insensitive 
o the calibration of the test or the absolute baseline value, low
aseline or acutely falling creatinine generation might slow 

r attenuate rise in creatinine in AKI, potentially masking its 
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etection in some patients with low muscle mass. Similarly,
ourly urine output data was not available for AKI diag-
osis; however, this definition is rarely employed clinically,
nd the pathophysiological significance of shorter periods 
ost-operative oliguria has been challenged [42 ]. It should be
cknowledged that PO-AKI diagnosis itself is not necessarily 
atient-centred and long-term data on CKD outcomes were 
ot available. The METS study was conducted before the 
OVID-19 pandemic, which may limit the external validity to 
ontemporary surgical patients [43 ]. Finally, in our analysis 
f creatinine:cystatin C ratio, its interpretation as a potential 
arker of creatinine production and muscle mass could be con-

ounded by several factors, including inaccuracy of eGFR-Cysc 
s an estimate of true GFR in several disease states, influence of
ietary creatinine intake on creatinine production and variation 
n tubular clearance of creatinine, and should thus be regarded
s hypothesis generating only. 

ONCLUSIONS 

ata from a large cohort of prospectively recruited non-cardiac 
urgical patients suggests that pre-operative kidney dysfunction 
s a strong risk-factor for PO-AKI, and compared with creatinine,
ystatin C was more strongly associated with this risk. It is
ikely that in some patients, assessment of kidney function by
reatinine may be confounded by lower muscle mass, and thus
reatinine production. In support of sarcopenia as a potential 
xplanation for relatively low pre-operative creatinine values,
e found that that a lower creatinine relative to cystatin C
as associated with worse physical function after surgery.
ystatin C should therefore be considered for the assessment 
f kidney function in the pre-operative work-up of high-risk 
atient groups at risk of sarcopenia. Future investigations 
ould focus on the complementary information that Creatinine 
nd cystatin C might provide in pre-operative assessment of 
igh-risk candidates for major surgery including patients at 
isk of poor physical function outcomes. 
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