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Abstract

Background and Objectives

Contrast-associated acute kidney injury (CA-AKI) is a potentially preventable complication
after exposure to iodinated contrast media. In patients undergoing endovascular thrombectomy
(EVT) for acute ischemic stroke (AIS), the incidence and clinical impact are poorly charac-
terized, and no validated prediction tool is currently available. The aim of this study was to
assess the incidence and prognostic significance of CA-AKI in EVT-treated patients with AIS
and to develop and validate a predictive score.

Methods

A retrospective, multicenter cohort study was conducted involving EVT-treated patients across
73 centers in 16 countries (January-December 2023). Inclusion criteria were age >18 years,
absence of dialysis, availability of preprocedural and 48-hour postprocedural creatinine levels,
and available 90-day follow-up (modified Rankin Scale [mRS] score). The primary outcome
was CA-AK], defined by KDIGO (Kidney Disease: Improving Global Outcomes criteria;
creatinine increase >0.3 mg/dL or >1.5 times baseline, within 48 hours). Secondary outcomes
were (1) in-hospital mortality, (2) 90-day mRS score, and (3) 90-day severe disability or death
(mRS score >3). Logistic models assessing associations with outcomes accounted for within-
center clustering by applying robust standard errors. CA-AKI prediction models were de-
veloped across imputed data sets using univariable selection (p < 0.20), backward elimination
(p < 0.05), and coefficient-based scoring after categorization of continuous predictors, with
internal validation by bootstrap to obtain optimism-adjusted estimates.

Results

Among 6,638 patients (median age 74 years; 48.7% male ), CA-AKI occurred in 326 (4.9%) and
was independently associated with in-hospital mortality (adjusted odds ratio [aOR] 2.269; 95%
CI 1.615-3.190), higher 90-day mRS scores (adjusted common odds ratio 1.584; 95% CI
1.110-2.258), and 90-day severe disability or death (aOR 1.530; 95% CI 1.057-2.216). A
preprocedural risk model including 12 routine clinical variables—sex, ethnicity, arterial hy-
pertension, dyslipidemia, chronic kidney disease, antiplatelet therapy, NIH Stroke Scale score at
admission, serum glucose, estimated glomerular filtration rate, hemoglobin, mean arterial
pressure, and IV thrombolysis—demonstrated acceptable discrimination (area under the re-
ceiver operating characteristic curve 0.710 [95% CI 0.682-0.738]; precision-recall area under
the curve 0.13 [95% CI 0.10-0.16]), good calibration (slope 0.870 [95% CI 0.759-0.928]),
good overall performance (Brier score 0.045 [95% CI 0.042-0.049]). A second model that
included EVT-related variables (e.g. contrast volume) showed similar performances.
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Glossary

AIS = acute ischemic stroke; AKI = acute kidney injury; aOR = adjusted odds ratio; AUC = area under the receiver operating
characteristic curve; CA-AKI = contrast-associated AKI; CAN-REST = Contrast-Associated Nephropathy Risk Evaluation in
Acute Ischemic Stroke After Endovascular Thrombectomy; eGFR = estimated glomerular filtration rate; EVT = endovascular
thrombectomy; IQR = interquartile range; IVT = IV thrombolysis; KDIGO = Kidney Disease: Improving Global Outcomes;
mRS = modified Rankin Scale; PR-AUC = precision-recall area under the curve.

Discussion
In this large, international cohort, CA-AKI occurred in approximately 1 in 20 EVT-treated patients with AIS and was in-
dependently associated with poor outcomes. A simple preprocedural risk score enables early identification of high-risk indi-

viduals and may support preventive strategies.

Introduction

Diagnostic and therapeutic imaging procedures involving in-
travascular iodinated contrast media are frequently used
across medical disciplines.1 However, their use has been
linked to acute kidney injury (AKI),” a complication first
reported in the 1950s.> Since then, the direct causal role of
contrast media in AKI has been debated, given the potential
influence of confounding factors.* As a result, the term
contrast-induced AKI, which implies direct nephrotoxicity,”
has been replaced by contrast-associated AKI (CA-AKI)—
a broader term encompassing all AKI occurring shortly after
contrast exposure, regardless of causality.®

In various settings, CA-AKI has been associated with long-
term renal dysfunction, need for dialysis, poor outcomes, and
increased mortality.” Consequently, risk prediction and pre-
vention have become clinical priorities, particularly in spe-
cialties heavily reliant on contrast-enhanced procedures.®
Although the overall risk is low in the general population,
patient subgroups (e.g., elderly patients or those with multiple
comorbidities) may face a significantly elevated risk due to
factors such as preexisting renal impairment, emergency
procedures, and high contrast load.’

Acute ischemic stroke (AIS) is a leading global cause of death
and disability.'” The advent of endovascular thrombectomy
(EVT) has transformed AIS care, dramatically improving
outcomes.'' However, EVT-treated patients often receive
substantial doses of iodinated contrast during both preproce-
dural imaging and the intervention. Preprocedural contrast is
administered intravenously, whereas intraprocedural contrast is
delivered intra-arterially in repeated boluses; the latter has been
associated with greater nephrotoxic potential than IV admin-
istration.'” In addition, these patients frequently exhibit
comorbidities and hemodynamic instability, rendering them
especially vulnerable to AKI. Despite this, CA-AKI remains
underexplored in the context of EVT. Existing literature is
limited: the studies are mostly based on single-center reports,
with variable incidence rates of CA-AKI after EVT, but they
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associate its occurrence with worse clinical outcomes, including
increased disability and mortality."* It is important to note that
no validated risk scores are currently available to predict CA-
AKI in this population.

Given the limited evidence on this potentially preventable
complication, its presumed low incidence but yet potentially
high prognostic impact, and the absence of a validated risk
score in EVT-treated stroke patients, we conducted a large,
multicenter, real-world cohort study aimed at (1) determining
the incidence of CA-AKI; (2) evaluating its prognostic
implications; and (3) developing and internally validating
a clinically applicable risk prediction score, suitable for use
both before and shortly after EVT.

Methods

Study Design and Population

This work represents the primary analysis of the Contrast-
Associated Nephropathy Risk Evaluation in Acute Ischemic
Stroke After Endovascular Thrombectomy (CAN-REST)
study (NCT06596603), a retrospective, multicenter initiative
specifically designed to investigate CA-AKI in patients with
AIS treated with EVT. Consecutive patients with AIS un-
dergoing EVT were included from 73 academic and com-
munity stroke centers across 16 countries (Europe and
United States; in eMethods) between January 1 and De-
cember 31, 2023. Inclusion criteria were as follows:
age >18 years, presentation with AIS eligible for EVT, avail-
ability of baseline and post-EVT creatinine values (within
48 hours), absence of end-stage kidney disease requiring di-
alysis, and availability of 90-day modified Rankin Scale (mRS)
outcome. Patients were also included if they underwent di-
agnostic angiography with intended EVT (i.e., spontaneous or
post-IV thrombolysis [IVT] recanalization) and received
contrast.

The reporting of this study adheres to the Transparent
Reporting of a Multivariable Prediction Model for Individual

. . . .11 14
Prognosis or Diagnosis guidelines.
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Standard Protocol Approvals, Registrations,
and Patient Consents

Institutional review board approval was obtained at each site
according to local regulations. The study was approved by the
Comitato Etico Territoriale Lombardia 3 (approval number
4658 17.04.202_N_bis). The protocol adhered to the Dec-
laration of Helsinki.

Study Variables and Outcomes

Standardized data were collected on demographics, vascular
risk factors, pre-EVT clinical and laboratory values, imaging
findings, EVT procedure details, and 90-day clinical out-
comes. Variables were defined per consensus standards, de-
tailed in eMethods.

CA-AKI was defined per Kidney Disease: Improving Global
Outcomes (KDIGO) criteria as an increase in serum
creatinine >0.3 mg/dL, or of >1.5 times baseline, within
48 hours after contrast administration.'

For the association analysis between CA-AKI and clinical
outcomes, 3 end points were evaluated: (1) in-hospital
mortality, defined as death occurring during the index hos-
pitalization; (2) disability at 90 days, assessed as a shift across
the mRS score (range 0 [no disability] to 6 [death]); and (3)
severe disability or death at 90 days, defined as mRS score >3
(or an increase of >1 point in patients with prestroke mRS
score >3).

Statistical Analysis

Continuous variables were summarized as medians with
interquartile ranges (IQRs) and categorical variables as counts
and percentages. Missing data were handled using multiple
imputation by chained equations (10 data sets).

Univariate associations between CA-AKI and study variables
were assessed using logistic regression on complete cases
(nonimputed data). Associations between CA-AKI and the
outcomes of interest were evaluated using either multivari-
able binary or ordinal logistic regression, adjusted for cova-
riates showing p < 0.20 in the corresponding univariate
analyses. This more liberal threshold was adopted to mini-
mize the risk of excluding potential confounders. All multi-
variable models assessing associations with outcomes
accounted for potential nonindependence of observations
within centers by applying robust standard errors clustered
at the center level.

To assess whether the available sample size was adequate for
developing the predictive score, we calculated the required
number of patients based on a prespecified calibration slope
(0.90), assumed outcome prevalence (5%), number of can-
didate predictors (28), and expected discrimination (area
under the receiver operating characteristic curve [AUC]
0.75)."” We then checked this using an “exact” simulation-
based method."® These approaches yielded required sample
sizes of 5,851 and 6,510 patients, respectively.
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The predictive models for CA-AKI were developed based on
multiple imputed data sets. The modeling strategy comprised
univariable selection, multivariable backward elimination, and
categorization, with all steps incorporated within a bootstrap
internal validation procedure to avoid overly optimistic esti-
mates of performance. All clinically plausible variables were
considered as candidate predictors. Variables associated with
CA-AKI at p < 0.20 in univariable logistic regression were
entered into a multivariable logistic regression model, where
backward elimination with a retention threshold of p < 0.05
was applied. For clinical applicability, continuous predictors
retained after elimination were subsequently categorized in-
dependently of the outcome, using thresholds defined a priori
either from the observed distribution, to ensure balanced and
clinically meaningful strata, or from established and widely
used clinical classifications (e.g.,, KDIGO categories for esti-
mated glomerular filtration rate [eGFR], severity strata for
NIH Stroke Scale [NIHSS] score). The final logistic re-
gression model was re-estimated on the multiple imputed data
sets. Regression coefficients were then scaled by a factor of 10
and rounded to the nearest integer, generating a simplified
point-based score. Each patient’s risk score corresponded to
the sum of points associated with the predictors present.
Discrimination was assessed using both the AUC and the
precision-recall area under the curve (PR-AUC), the latter
providing a complementary evaluation of model performance
in the presence of class imbalance."” Calibration was evaluated
by the calibration slope and overall accuracy by the Brier
score.”® All reported values are optimism-adjusted.

Two related models were developed to reflect different de-
cision points. Model 1 included only variables available before
EVT, whereas model 2 incorporated all model 1 predictors +
EVT-related procedural variables, which were screened sep-
arately from pre-EVT predictors using the same univariable
and multivariable backward-elimination criteria. EVT varia-
bles retained from this process were then added to the final-
ized, categorized specification of model 1 without reselecting
pre-EVT predictors. The augmented model was re-estimated
on the multiple imputed data sets and underwent the same
bootstrap internal validation, risk categorization, and point-
score derivation, as described above.

To enhance clinical applicability, predicted probabilities were
translated into risk categories. Patients were then classified
into 3 groups according to their estimated risk of CA-AKI: low
risk (<10%), moderate risk (10%-29.9%), and high risk
(>30%). Calibration was visualized with (1) a scatterplot of
observed vs predicted risk overall and (2) a calibration plot
showing observed and predicted risk within the 3 strata. Fi-
nally, an integer-score lookup table was constructed, which,
for each score value, reports the mean predicted risk, the
number of patients, and the corresponding risk category.

All analyses were performed with Stata version 18.0 (Stata-
Corp., College Station, TX), and statistical significance was
defined as p < 0.0S.
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Data Availability

Anonymized data not included in this article are available on
reasonable request to qualified investigators, pending review
and approval by the CAN-REST Data Steering Committee.
The full Stata analysis code used for model development and
validation is publicly available at doi.org/10.5281/zenodo.
17602284.

Results

Between January 1 and December 31, 2023, a total of 8,871
patients underwent EVT across 73 centers. Of these, 2,233
(25.2%) were excluded: S were younger than 18 years, 21 had
end-stage renal disease requiring dialysis, 1,414 lacked either
baseline or within 48-hour post-EVT creatinine measure-
ments, and 793 were lost to 90-day follow-up. The final study
population included 6,638 patients, whose baseline and clin-
ical characteristics are summarized in Table 1. The flowchart
of patient selection is shown in Figure 1. A comparison be-
tween included and excluded patients is provided in eTable 1;
imputation details for missing variables are given in eTable 2.

Population Description and Incidence

of CA-AKI

The median age of included patients was 74 years (IQR
64-82),and 3,231 (48.7%) were male; 5,745 patients (92.8%)
were of White ethnicity; among non-White patients, most
were of Black ethnicity (n = 213, 2.8%). Preexisting comor-
bidities were common: 39.2% had chronic kidney disease,
73.6% had arterial hypertension, 26.0% had diabetes mellitus,
and 28.3% had either coronary artery disease or heart failure.
The baseline median NIHSS score was 15 (IQR 10-20), and
the median eGFR was 77 mL/min/1.73 m>. Overall, 74.1% of
patients had large vessel occlusion, while the remaining 25.9%
had medium vessel occlusion, of which 85.9% were M2
occlusions. Occlusions were predominantly in the anterior
circulation (90.2%). The median pre-EVT contrast volume
was 90 mL (IQR 70-100 mL). The median EVT contrast
volume administered was 80 mL (IQR 50-120).

CA-AKI within 48 hours of contrast administration occurred
in 326 patients, yielding a cumulative incidence of 4.9% (95%
CI 4.4%-5.5%). Supplementary eTable 3 reports country-
specific CA-AKI incidence, contrast volume distributions, and
EVT durations. Compared with those without CA-AKI, af-
fected patients were less frequently of White ethnicity (87.9%
vs 93.0%, p = 0.002) and more likely to have a history of
chronic kidney disease (60.7% vs 38.1%, p < 0.001), diabetes
mellitus (34.8% vs 25.6%, p < 0.001), and coronary artery
disease or heart failure (37.9% vs 27.8%, p < 0.001). They also
had higher baseline NIHSS scores (median 16 vs 15, p =
0.002), lower admission hemoglobin (13.0 vs 13.3 g/dL, p <
0.001), lower eGER (65 vs 77 mL/min/1.73 m?, p < 0.001),
and higher admission serum glucose (131 vs 123 mg/dL, p <
0.001). Patients who developed CA-AKI were also less likely
to receive IVT before EVT (33.4% vs 43.9%, p < 0.001). Early
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neurologic deterioration (11.3% vs 6.0%, p < 0.001), symp-
tomatic intracerebral hemorrhage (13.6% vs 5.1%, p < 0.001),
intraprocedural arterial hypotension (17.4% vs 12.0%, p =
0.015), and other noncontrast potential AKI triggers (further
detailed in eTable 4) (34.6% vs 16.9%, p < 0.001) were also
more common among patients who developed CA-AKI. The
volume of contrast media administered before EVT did not
differ significantly between groups (80 mL [IQR 60-100] vs
90 mL [IQR 70-100], p = 0.491), whereas patients who
developed CA-AKI received a significantly higher contrast
volume during EVT (100 mL [IQR 60-140] vs 80 mL [IQR
50-120], p = 0.035).

Association Between CA-AKI and

90-Day Outcomes

In multivariable analyses adjusted for variables with p < 0.20 in
univariable models (eTables 5-7), CA-AKI remained an in-
dependent predictor of worse clinical outcomes (Table 2).
Specifically, it was independently associated with in-hospital
mortality (adjusted odds ratio [aOR] 2.269; 95% CI
1.615-3.190), higher 90-day mRS score (adjusted common
odds ratio 1.584; 95% CI 1.110-2.258), and severe 90-day
disability or death (aOR 1.530; 95% CI 1.057-2.216). These
findings are illustrated in Figure 2, showing the 90-day mRS
score distribution by CA-AKI status.

Derivation and Validation of a Predictive

Risk Score

The cohort size available for model development was ade-
quate relative to the a priori estimates. Twelve independent
predictors of CA-AKI were identified in the preprocedural
model (model 1): male sex, non-White ethnicity, arterial
hypertension, absence of dyslipidemia, chronic kidney dis-
ease, antiplatelet therapy, baseline NIHSS score, baseline se-
rum glucose, estimated GFR, baseline hemoglobin, baseline
mean arterial pressure, and direct EVT (i.e., without previous
IVT) (Table 3). After converting continuous variables into
categorical predictors and assigning weighted integer points,
the resulting score-based model demonstrated acceptable
discrimination (AUC 0.710 [95% CI 0.682-0.738]; PR-AUC
0.13 [95% CI 0.10-0.16]), strong overall performance (Brier
score 0.045 [95% CI 0.0420-0.0486]), and good calibration
(slope 0.870 [95% CI 0.759-0.982]). Model 2 included the
same preprocedural predictors as model 1, with the addition
of EVT contrast agent volume, which was the only procedural
variable independently associated with CA-AKI (odds ratio
1.002, 95% CI 1.000-1.004; p = 0.031). The score-based
model achieved comparable performance to model 1, with an
AUC of 0.712 (95% CI 0.684-0.740) and PR-AUC of 0.13
(95% CI 0.10-0.16), a Brier score of 0.045 (95% CI
0.0419-0.0486), and a calibration slope of 0.866 (95% CI
0.756-0.740).

Figure 3 shows, in the full data set, the continuous calibration
plots for both models, as well as the agreement between
predicted and observed CA-AKI probabilities across the 3 risk
categories (low, moderate, and high risk). Figure 4 further
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displays the distribution of risk scores and their corresponding
model-predicted CA-AKI probabilities, highlighting the pro-
gressive increase in estimated risk across the predefined low-
risk, moderate-risk, and high-risk strata.

Discussion

In this large, multicenter cohort of patients undergoing EVT
for AIS, we report 3 key findings. First, CA-AKI occurred in
4.9% of cases. Second, CA-AKI was independently associ-
ated with in-hospital mortality, as well as with worse func-
tional outcome and increased mortality at 90 days. Third, we
developed and internally validated 2 predictive models for
CA-AKI, based on routinely available preprocedural and
procedural variables, with acceptable discrimination and
good calibration.

Although a direct causal role cannot be established, CA-AKI is
a known complication of intravascular contrast use, with in-
cidence rates ranging from 1% to 2% in low-risk settings to
over 15% in high-risk populations, such as patients un-
dergoing percutaneous coronary interventions.” In the setting
of AIS treated with EVT, the incidence of CA-AKI is variable,
ranging from 2.5%" to 12.6%,”” with a recent meta-analysis
reporting a pooled incidence of approximately 7%."> The
heterogeneity in reported rates likely reflects the lack of
a standardized diagnostic definition, with variability in both
the magnitude of serum creatinine change (e.g, relative
increase >25%, or absolute increase >0.3 or >0.5 mg/dL) and
the time window for assessment (e.g,, 48 hours vs 3, S, or
7 days). We defined CA-AKI as an increase in serum
creatinine >0.3 mg/dL, or >1.5 times baseline, within
48 hours after contrast administration, in line with KDIGO
criteria.'® This definition aligns with recommendations for
studies on contrast-associated renal impairment®® and helps
minimize confounding from in-hospital events occurring be-
yond the acute phase (ie., up to 7 days) that may in-
dependently affect renal function and influence outcomes.

Our findings confirm that preexisting renal dysfunction and
lower baseline eGFR are the strongest predictors of CA-AKI,
consistent with previous evidence showing increased vulner-
ability in patients with chronic kidney disease.***** In addi-
tion, acute-phase variables such as baseline stroke severity and
admission hyperglycemia were independently associated with
CA-AKI. While detailed mechanistic interpretation is beyond
the scope of this study, a plausible hypothesis is that these
factors may reflect the extent of systemic stress and metabolic
dysregulation contributing to renal injury—mechanisms that
have also been described in non-neurologic populations.” Of
interest, extreme values of baseline hemoglobin were also
associated with CA-AKI risk. Although the underlying
mechanisms remain unclear, higher levels may reflect de-
hydration and increased blood viscosity, whereas lower
levels—also linked to CA-AKI in other scores,® and often
associated with advanced chronic kidney disease—could ex-
acerbate renal hypoxic injury.
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We found an association between contrast volume during
EVT and the occurrence of CA-AKI. Although our study was
not designed to establish causality—a topic of ongoing
debate*—these results emphasize the need to consider con-
trast exposure as a relevant factor in stroke care, likely acting
synergistically with other acute-phase factors. Our findings do
not support withholding EVT or avoiding contrast during the
procedure; rather, they warrant prudent use, close monitor-
ing, and thorough documentation. Previous studies have
shown that contrast exposure before EVT has minimal impact
in patients with AIS.> In line with these findings, we observed
no association between pre-EVT contrast administration and
CA-AKI. Targeted studies are needed to determine whether
the discrepancy between pre-EVT and EVT-related exposure
reflects cumulative dose effects and/or differences in route of
administration, with intra-arterial delivery during EVT likely
carrying greater nephrotoxic potential than IV injection."

We also observed a disparity in CA-AKI susceptibility across
ethnic groups. Although non-White patients comprised
a small proportion of our cohort, most were Black, and this
subgroup demonstrated a higher risk of CA-AKL This finding
is consistent with previous studies reporting increased sus-
ceptibility among Black patients undergoing intra-arterial
contrast procedures.”” Such disparities, along with sex dif-
ferences, warrant dedicated future studies to determine
whether they reflect intrinsic biological or genetic suscepti-
bility or, instead, residual and unmeasured confounding, in-
cluding the potential role of structural and socioeconomic
factors.

The inverse association we found between dyslipidemia and
CA-AKI may reflect a protective effect of statins,”® which are
commonly prescribed in this population. Statins have been
proposed to mitigate CA-AKI risk through anti-inflammatory
and antioxidant mechanisms.” Indeed, in non-neurologic
settings, preprocedural statin therapy has been shown to
significantly reduce CA-AKI risk and improve clinical out-
comes.””*° Although statin use was not recorded in our data
set, this association supports the need for targeted studies
on statins for CA-AKI prevention in patients with AIS
undergoing EVT.

The association between prestroke antiplatelet therapy and
CA-AKI may reflect the presence of higher baseline vascular
risk and greater clinical frailty in these patients. Moreover, the
inverse association between IVT and CA-AKI observed in our
cohort is consistent with previous reports22 and, although not
conclusive, suggests a potential protective effect. While a di-
rect renal mechanism cannot be excluded, it is plausible that
IVT facilitates earlier recanalization, leading to shorter pro-
cedures and reduced contrast exposure, thereby indirectly
mitigating the risk of kidney injury.

Finally, it is noteworthy that procedural hypotension, al-
though significant in the univariate analysis and a key com-
ponent of cardiology scores,® was not retained in our model.
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Table 1 Baseline Characteristics, Clinical Variables, and Outcomes in the CAN-REST Population, With Univariate Analysis

by CA-AKI Status (Nonimputed Data)

Entire cohort (N = 6,638) CA-AKI (N =326 [4.9%]) No CA-AKI(N = 6,312[95.1%]) p Value

Demographics and baseline characteristics

Age, y, median (IQR) 74 (64-82) [6,638] 75 (65-83) [326] 74 (64-82) [6,312] 0.056
Male sex, n/N (%) 3,231/6,638 (48.7) 170/326 (52.2) 3,061/6,312 (48.5) 0.199
White ethnicity, n/N (%) 5,745/6,192 (92.8) 232/264 (87.9) 5,513/5,928 (93.0) 0.002
BMI 27 (24-30) [4,734] 28 (24-31) [243] 27 (24-30) [4,491] 0.043
Prestroke mRS score, median (IQR) 0 (0-1) [6,556] 0(0-1) [323] 0(0-1) [6,233] <0.001
Medical history and risk factors, n/N (%)
Known chronic kidney disease 2,604/6,638 (39.2) 198/326 (60.7) 2,406/6,312 (38.1) <0.001
Arterial hypertension 4,876/6,629 (73.6) 264/325 (81.2) 4,612/6,304 (73.2) 0.001
Diabetes mellitus 1,727/6,631 (26.0) 113/325 (34.8) 1,614/6,306 (25.6) <0.001
Dyslipidemia 3,318/6,624 (50.1) 151/325 (46.5) 3,167/6,299 (50.3) 0.180
Atrial fibrillation 2,355/6,623 (35.6) 126/324 (38.9) 2,229/6,299 (35.4) 0.199
Coronary artery disease and/or heart failure 1,872/6,620 (28.3) 123/325(37.9) 1,749/6,295 (27.8) <0.001
Active cancer 493/6,404 (7.7) 28/314 (8.9) 465/6,090 (7.6) 0.407
Antiplatelets 1,835/6,638 (27.6) 120/326 (36.8) 1,715/6,312 (27.2) <0.001
Anticoagulants 1,464/6,638 (22.1) 72/326 (22.1) 1,392/6,312 (22.1) 0.989
RAAS inhibitors 2,742/6,432 (42.6) 133/315 (42.2) 2,609/6,117 (42.7) 0.881
Metformin 844/5,827 (14.5) 53/276 (19.2) 791/5,551 (14.3) 0.023
NSAIDs <48 h 331/5,927 (5.6) 22/293 (7.5) 309/5,634 (5.5) 0.143
Acute-phase variables
Baseline NIHSS score, median (IQR) 15 (10-20) [6,575] 16 (12-20) [325] 15 (10-20) [6,250] 0.002
Mean arterial pressure, median (IQR) 103 (93-115) [6,347] 104 (93-118) [312] 103 (93-115) [6,035] 0.078
Admission blood glucose, mg/dL, median (IQR) 123 (106-151) [6,449] 131 (105-168) [315] 123 (106-150) [6,134] <0.001
Admission hemoglobin, g/dL, median (IQR) 13.3(12.0-14.4) [6,580] 13.0 (11.0-14.3)[325] 13.3(12.0-14.5) [6,255] <0.001
Baseline eGFR, mL/min, median (IQR) 77 (57-92) [6,638] 65 (41-87) [326] 77 (58-93) [6,312] <0.001
IV thrombolysis, n/N (%) 2,879/6,637 (43.4) 109/326 (33.4) 2,770/6,311 (43.9) <0.001
Baseline imaging variables
Pre-EVT contrast volume, mL, median (IQR) 90 (70-100) [5,029] 80 (60-100) [215] 90 (70-100) [4,814] 0.491
LVO (vs MeVO), n/N (%) 4,856/6,553 (74.1) 254/324 (78.4) 4,602/6,229 (73.9) 0.071
Tandem lesion, n/N (%) 960/6,570 (14.6) 54/324(16.7) 906/6,246 (14.5) 0.283
Anterior circulation (vs posterior circulation), n/N (%) 5,910/6,552 (90.2) 286/324 (88.3) 5,624/6,228 (90.3) 0.232
ASPECTS/pc-ASPECTS, median (IQR) 9 (8-10) [6,124] 9 (7-10) [301] 9(8-10) [5,823] 0.065
EVT-related variables
Onset-to-EVT time, min, median (IQR) 255 (175-410) [6,384] 273 (187-420) [312] 255 (174-410) [6,072] 0.086
EVT procedure duration, min, median (IQR) 40 (23-62) [5,994] 40 (25-66) [296] 39 (23-61) [5,698] 0.098
Number of EVT passes, median (IQR) 1 (1-3) [6,386] 1(1-3)[317] 1 (1-3) [6,069] 0.930
EVT contrast volume, mL, median (IQR) 80 (50-120) [4,748] 100 (60-140) [205] 80 (50-120) [4,543] 0.035
Continued
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Table 1 Baseline Characteristics, Clinical Variables, and Outcomes in the CAN-REST Population, With Univariate Analysis by
CA-AKI Status (Nonimputed Data) (continued)

Entire cohort (N = 6,638) CA-AKI (N = 326 [4.9%]) No CA-AKI (N =6,312[95.1%]) p Value

Procedural hypotension, n/N (%) 613/5,018 (12.2) 39/224 (17.4) 574/4,794 (12.0) 0.015
Successful reperfusion (mTICI 2 2b) 5,731/6,411 (89.4) 276/319 (86.5) 5,455/6,092 (89.5) 0.087
Early post-EVT variables, n/N (%)
Additional contrast exposure (<48 h post-EVT) 700/6,059 (11.6) 35/287 (12.2) 665/5,772 (11.5) 0.727
Early neurologic deterioration 400/6,403 (6.9) 35/309 (11.3) 365/6,094 (6.0) <0.001
Symptomatic hemorrhagic transformation 351/6,403 (5.5) 42/309 (13.6) 309/6,094 (5.1) <0.001
Peri-EVT IV hydration 0.091
<500 mL 697/5,562 (12.5) 44/266 (16.5) 653/5,296 (12.3)
500-1,000 mL 2,305/5,562 (41.4) 99/266 (37.2) 2,206/5,296 (41.7)
>1,000 mL 2,560/5,562 (46.0) 123/266 (46.2) 2,473/5,296 (46.0)
Other potential AKI causes 1,108/6,253 (17.7) 106/309 (34.6) 1,002/5,944 (16.9) <0.001
Outcomes
Length of hospital stay, d, median (IQR)? 8 (4-13) [7,414] 9 (6-15) [227] 8 (5-14) [5,879] 0.038
In-hospital mortality, n/N (%) 902/6,612 (13.6) 113/326 (34.7) 789/6,286 (12.6) <0.001
90-d mRS score, median (IQR) 3(1-5) [6,638] 5 (2-6) [326] 3(1-5)[6,312] <0.001
Severe disability or death at 90 d, n/N (%)° 2,778/6,638 (41.9) 203/326 (62.3) 2,575/6,312 (40.8) <0.001

Abbreviations: AIS = acute ischemic stroke; ASPECTS = Alberta Stroke Program Early CT Score; BMI = body mass index; CA-AKI = contrast-associated acute
kidney injury; eGFR = estimated glomerular filtration rate; EVT = endovascular thrombectomy; IQR = interquartile range; LVO = large vessel occlusion (LVOs
included ICA, BA, VA, M1, A1, and P1); MAP = mean arterial pressure; MeVO = medium vessel occlusion; mRS = modified Rankin scale; mTICI = modified
Thrombolysis in Cerebral Infarction; NIHSS = NIH Stroke Scale; NSAID = nonsteroidal anti-inflammatory drug; pc-ASPECTS = posterior circulation Acute Stroke
Prognosis Early CT Score.

[n] = number of patients with available data.

Early Neurological Deterioration: defined as an increase of >4 points in the NIHSS score at 24 hours post-EVT, in the absence of hemorrhagic transformation.
Symptomatic Intracerebral Hemorrhage: defined as any parenchymal hemorrhage associated with a >4-point worsening in NIHSS.

Other Potential AKI Causes: included hemodynamic instability, urinary obstruction, nephrotoxic drugs, primary renal disorders, autoimmune conditions,
infections, systemic inflammation, and thrombotic or vascular complications. In the absence of standardized diagnostic criteria, these factors were assessed
by the treating neurologist at each center and considered present if they occurred between symptom onset and follow-up creatinine measurement.

@ Length-of-hospital-stay analysis restricted to patients who survived to discharge.

® Defined as 90-day mRS score >3 (or an increase of >1 point in patients with pre-stroke mRS score >3).

Figure 1 Study Flowchart

EVT-treated
patients with acute ischemic stroke between
January 1, 2023, and December 31, 2023
(N =8,871)

Excluded (n = 2,233; 25.2%):

* Minors (5; <0.1%)

+ End-stage renal disease on dialysis (21; 0.2%)

+ Missing pre-EVT and/or 48 hours post-EVT creatinine
(1,414; 15.9%)

+ Missing 90-day mRS score (793; 8.9%)

Patients included in
the final analysis

(n = 6,638) Overview of patient selection and exclusion criteria leading

to the final study cohort. EVT = endovascular thrombectomy.
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Table 2 Unadjusted and Adjusted Associations Between CA-AKI and Outcomes

Outcomes Unadjusted OR (95% ClI) p Value Adjusted OR (95% CI)® p Value
In-hospital mortality 3.698 (2.428-5.633) <0.001 2.269 (1.615-3.190) <0.001
Ordinal shift in 90-d mRS score 2.703 (1.559-4.685) <0.001 1.584 (1.110-2.258) <0.001
Severe disability or death at 90 d” 2.395 (1.425-4.026) <0.001 1.530 (1.057-2.216) 0.024

Abbreviations: CA-AKI = contrast-associated acute kidney injury; mRS = modified Rankin Scale; OR = odds ratio.
@ Adjusted for variables associated with the outcome at p < 0.20 in univariate analysis.
® Defined as 90-day mRS score >3 (or an increase of >1 point in patients with prestroke mRS score >3).

This may reflect limited power due to the small number of
events, differences in definition (our study defined hypoten-
sion as a blood pressure drop requiring inotropic support
during EVT rather than a quantitative reduction in blood
pressure), and potential confounding factors such as type of
anesthesia during EVT, which was not available in the present
data set. Nonetheless, the relevance of hemodynamic status in
CA-AKl risk is supported by the independent association with
baseline mean arterial pressure, which was included in the
score.

Although CA-AKI occurred in a minority of patients, its
clinical implications were substantial. Consistent with pre-
vious studies,’’ affected patients experienced significantly
worse functional outcomes and higher mortality, with a 90-
day mortality rate approaching 50%. It is important to note
that these associations remained significant even after
adjusting for multiple variables known to be associated with
worse outcomes (including, among the most relevant, stroke
severity, comorbidities, occlusion site, onset-to-EVT time,
EVT duration, number of passes, successful recanalization,
and symptomatic hemorrhagic transformation), suggesting an
independent effect. Multiple mechanisms may underlie this
relationship. AKI can lead to systemic inflammation, fluid
overload, and metabolic disturbances, all of which may impair
brain recovery.*” Increasing interest has also been directed
toward the kidney-brain axis, a bidirectional pathway in which

renal dysfunction may contribute to cerebrovascular injury
through inflammatory and metabolic mechanisms. This axis
may be particularly relevant in the setting of CA-AKI, where
acute renal injury could exacerbate systemic and neuro-
inflammatory responses, further affecting neurologic re-
covery.”> Moreover, AKI may lead to the interruption of
essential poststroke therapies, prolong hospitalization with an
increased risk of infectious complications, or delay re-
habilitation due to medical instability, further compromising
functional outcomes. Regardless of the exact mechanisms,
CA-AKI clearly identifies a high-risk subgroup. These findings
emphasize the need for early recognition and prevention.

In this context, we developed a simple, user-friendly risk
score based on common clinical variables, allowing for bed-
side application and potential integration into electronic
health records. The model using only pre-EVT variables
(model 1) showed acceptable discrimination, and the in-
clusion of procedural data (model 2) did not significantly
improve performance. This suggests that the score may be
reliably applied even in the hyperacute phase, before pro-
cedural data are available, thereby optimizing the timing
of potential preventive strategies. Despite its clinical rel-
evance, CA-AKI remains underexplored in the setting of
patients with AIS undergoing EVT. A recent meta-analysis
including approximately 20 studies—albeit heterogeneous in
design—consistently identified chronic kidney disease as the

Figure 2 Distribution of 90-Day mRS Scores by CA-AKI Status

90-Day
mRS score

No CA-AKI 0

(n=6,312) e 1
. 2
I 3
. 4
. 5
I 6

CA-AKI
(n =326) 07, 10.1
T T T T T T T T T d
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Patients (%)

Grotta bars (stacked proportional bar graphs) showing the distribution of 90-day functional outcomes according to the presence or absence of CA-AKI. CA-

AKI = contrast-associated acute kidney injury; mRS = modified Rankin Scale.
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Table 3 Predictive Models for CA-AKI: Model 1 (Including Only Pre-EVT Variables) and Model 2 (Including Model 1 + EVT-
Related Variables)

B-coefficient Integer score p Value 95% Cl
Model 1 (pre-EVT): including only pre-EVT variables
Male sex 0.2617 3 0.033 0.0208 to 0.5025
Non-White ethnicity 0.4216 4 0.031 0.0382 to 0.8049
Arterial hypertension 0.3947 4 0.011 0.0900 to 0.6995
No dyslipidemia 0.3849 4 0.002 0.1458 to 0.6241
Known chronic kidney disease 0.6535 7 0.000 0.4051 to 0.9020
Antiplatelets 0.4025 4 0.001 0.1567 to 0.6482
NIHSS score
<10 1 (ref) 0 — —
>10 0.4061 4 0.005 0.1226 to 0.6896
Glycemia
<100 mg/dL 0.6059 6 0.001 0.2618 to 0.9499
100-124 mg/dL 1 (ref) 0 — —
125-149 mg/dL 0.0977 1 0.590 -0.2575 to 0.4529
150-199 mg/dL 0.4093 4 0.022 0.0602 to 0.7583
2200 mg/dL 0.8896 9 0.000 0.5183 to 1.2608
Baseline estimated GFR
260 mL/min 1 (ref) 0 — —
30-59 mL/min 0.2788 3 0.060 -0.2974 to 0.5691
15-29 mL/min 1.0130 10 0.000 0.5459 to 1.4801
<15 mL/min 2.0878 21 0.000 1.4065 to 2.7691
Admission hemoglobin
<10 0.6698 7 0.001 0.2913 to 1.0483
10-11.9 0.2127 2 0.195 -1.1090 to 0.5343
12-13.9 1 (ref) 0 — —
14-15.9 0.0485 0 0.757 -0.2591 to 0.3560
216 0.1538 2 0.553 -0.3548 t0 0.6623
Mean arterial pressure
<80 1 (ref) 0 — —
80-99 0.0395 0 0.880 -0.4736 to0 0.5525
100-119 0.1324 1 0.606 -0.3710 to 0.6359
120-139 0.3417 3 0.225 -0.2099 to 0.8933
2140 0.7527 8 0.027 0.0851 to 1.4203
No IVT 0.3844 4 0.002 0.1410 to 0.6279
Model 2 (early post-EVT): including model 1 + EVT-related variables
EVT contrast volume
0-100 mL 1 (ref) 0 — —
Continued
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Table 3 Predictive Models for CA-AKI: Model 1 (Including Only Pre-EVT Variables) and Model 2 (Including Model 1 + EVT-
Related Variables) (continued)

B-coefficient Integer score p Value 95% Cl
100-299 mL 0.2624 3 0.074 -0.0260 to 0.5509
2300 mL 0.5197 5 0.194 -0.2645 to 1.3039

Abbreviations: CA-AKI| = contrast-associated acute kidney injury; EVT = endovascular thrombectomy; GFR = glomerular filtration rate; IVT = IV thrombolysis;
NIHSS = NIH Stroke Scale.

Coefficients, integer scores, p values, and Cls for all pre-EVT variables are derived from model 1 (pre-EVT variables only). Estimates for EVT contrast volume are
derived from the full model (model 2, including model 1 variables + EVT contrast volume). Results for pre-EVT variables in the full model were consistent with

those in model 1, showing only minor variations and no changes in the assigned integer scores; therefore, they are not reported.

main risk factor and confirmed the association of CA-AKI
with worse clinical outcomes."* No score has been specifically
developed or validated for patients with AIS undergoing EVT.
Our study fills this gap by highlighting the prognostic rel-
evance of CA-AKI in EVT-treated patients with AIS and
providing a practical tool for early risk stratification. In the
cardiology field, several predictive scores for CA-AKI have
been developed in patients undergoing interventional pro-
cedures. However, these scores cannot be directly translated
to the stroke population because they include variables that
are specific to cardiology practice (e.g., left ventricular

ejection fraction; clinical presentations such as stable angina,
unstable angina, non-ST-segment elevation myocardial in-
farction, or ST-segment elevation myocardial infarction;
periprocedural myocardial infarction; and the number and
type of coronary lesions).® Our stroke-specific risk models
demonstrate acceptable discriminative ability, comparable to
that of one of the most widely used CA-AKI scores in the
cardiology field.® The PR-AUC analysis was consistent with
the receiver operating characteristic-based results, supporting
the overall robustness of the model’s discriminative perfor-
mance despite the low event rate. While the presence of CA-

Figure 3 Calibration and Risk Stratification of CA-AKI Predictive Models
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Panels A and C: calibration plots showing observed vs predicted CA-AKI risk; the red dashed line indicates perfect calibration; model 1 (A) and model 2 (C).
Panels B and D: observed vs predicted risk across predefined low-risk, moderate-risk, and high-risk strata; model 1 (B) and model 2 (D). CA-AKI = contrast-
associated acute kidney injury; EVT = endovascular thrombectomy.
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Figure 4 Risk Score Distribution and Model-Predicted CA-AKI Probability
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Higﬁ..risk

AKI risk factors should not delay or preclude EVT in eligible
patients, early identification of high-risk individuals may guide
preventive strategies and optimize supportive care in this
vulnerable population. In the near term, the CAN-REST score
will be released as an online tool and externally validated in a
temporally independent cohort, followed by clinical imple-
mentation and dissemination.

This study has several strengths. Based on a large-scale in-
ternational multicenter cohort, it offers real-world evidence on
a relatively uncommon but clinically relevant complication. A
data set of this magnitude allows for the development of a re-
liable predictive score, supported by standardized data

Neurology.org/N

collection and rigorous methodology. Several limitations
should nevertheless be acknowledged. First, the retrospective
design may have introduced selection bias, despite efforts to
minimize it through the inclusion of consecutive patients and
standardized data collection procedures. A considerable pro-
portion of cases had to be excluded because of missing follow-
up creatinine measurements, which likely reflects real-world
clinical practice, where early laboratory reassessment is often
omitted in patients with either an uncomplicated clinical course
or rapid deterioration. As a result, certain patient subgroups
may be underrepresented in our analysis. While the study
provides valuable insights grounded in routine stroke care, this
limitation may affect the generalizability of the findings to the
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overall stroke population. Second, serum creatinine measure-
ments were not collected according to a uniform protocol
across centers, potentially leading to variability in the timing
and sensitivity of CA-AKI detection. In addition, CA-AKI was
defined according to KDIGO criteria, which, while ensuring
consistency with international standards and clinical applica-
bility, entails dichotomization of serum creatinine and a po-
tential reduction in statistical power compared with modeling it
as a continuous variable. Third, although we collected urine
output at 24 hours after EVT, the KDIGO urine output cri-
terion (<0.5 mL/kg/h for 6 hours) could not be applied be-
cause this definition requires continuous measurement over
a fixed 6-hour window. A single cumulative 24-hour value,
which was available retrospectively, does not allow reliable
identification of transient or sustained oliguria and was,
therefore, not used for AKI classification. Fourth, in 28.5% of
patients, data on the amount of contrast media administered
during EVT were missing and, therefore, imputed. This limi-
tation likely reflects the limited emphasis currently placed on
systematic contrast documentation—an issue that, in light of
our findings, deserves greater attention in stroke care. While the
type of contrast media (e.g., iso-osmolar vs low-osmolar) was
available in most cases, information on iodine concentration
(e.g,, 300 vs 350 mg I/mL) was inconsistently reported. These
physicochemical characteristics may influence contrast viscos-
ity and nephrotoxic potential. Furthermore, individual patients
may have received different contrast agents at multiple time
points (e.g, during pre-EVT imaging and during the EVT pro-
cedure), limiting the ability to consistently classify overall con-
trast exposure. For these reasons, the impact of specific contrast
media characteristics on CA-AKI risk was not explored and
should be addressed in future studies. Similarly, the cumulative
effect of contrast exposure (pre-EVT + EVT-related) was not
assessed. This decision was based on the potential collinearity
between the amounts of contrast administered before and during
EVT and on the intention to evaluate preprocedural and intra-
procedural exposure separately, given their potentially distinct
clinical relevance. Fifth, we did not collect data on diuretic ad-
ministration and on midterm to long-term renal function.

In this large, multicenter cohort of patients with AIS undergoing
EVT, CA-AKI occurred in approximately 1 in 20 patients and
was independently associated with worse functional outcomes
and increased mortality. These findings underscore the prog-
nostic relevance of this potentially preventable complication in
the context of acute stroke care and highlight the importance of
early identification. Although external validation is warranted,
the CAN-REST predictive score developed and validated in this
study provides a practical tool for identifying patients at risk of
CA-AKI even before EVT and may support targeted prevention
strategies in high-risk populations.
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