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Background: Intracerebral hemorrhage (ICH) is a neurological emergency that is
frequently associated with high mortality and severe disability. Acute kidney injury
(AKI) is a common in-hospital complication of ICH, and it is linked to increased
mortality risk and poor functional outcomes. However, there have been incon-
sistent AKI diagnostic criteria across relevant studies in recent years, and there is
a lack of updated comprehensive evidence regarding the association between
ICH treatment and AKI risk. Therefore, this study aims to systematically investigate
the incidence rate of AKI following ICH and its association with mortality in ICH
patients.

Methods: We conducted a comprehensive literature search in the Embase,
PubMed, and Scopus databases up to April 1, 2025. Two independent review-
ers performed data extraction and assessed risk of bias. The Newcastle-Ottawa
Scale (NOS) was used for cohort studies, while the Risk of Bias 2 (RoB 2) tool was
applied for randomized clinical trials, respectively.

Results: A total of 12 studies, with a total of 16,199 patients, were included in this
meta-analysis. The pooled incidence rate of AKI following ICH was 20.4% (95%
confidence interval [Cl]: 15.2—-25.6%). Subgroup analysis based on AKI diagnostic
criteria revealed that the incidence rate of AKI diagnosed by KDIGO was higher
than that diagnosed by the AKIN. Further analysis of AKI stages showed that stage
1 AKl was the most common type among ICH patients, accounting for a pooled
proportion of 75.6% (95% Cl: 59.9-91.4%), while stages 2 and 3 AKI had similar
proportions. Additionally, AKI was linked to a higher short-term mortality risk in
ICH patients, with a pooled odds ratio (OR) of 3.16 (95% Cl: 1.93-5.18).
Conclusion: AKl is common in ICH and associated with higher short-term mor-
tality. Future studies should focus on early AKI biomarkers, individualized blood
pressure control and long-term prognosis.

Systematic review registration: CRD42025642481.
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Introduction

Currently, intracerebral hemorrhage (ICH) ranks among the most
devastating neurological conditions worldwide, standing as a leading
driver of global mortality and disability-adjusted life years (DALYSs)
(1-3), imposing a heavy burden on both affected patients and society
at large. Against this backdrop, acute kidney injury (AKI), a common
in-hospital complication in ICH cases, has become an increasing clini-
cal concern due to its association with higher short- and long-term
mortality, poor functional outcomes, and its rising incidence (4-6).

The conceptualization of this renal complication has evolved
significantly. Initially termed acute renal failure (ARF), this desig-
nation was plagued by inconsistent definitions and a failure to cap-
ture early pathophysiological changes in renal damage. In response,
the Acute Dialysis Quality Initiative Group (ADQI) proposed the
Risk, Injury, Failure, Loss of kidney function, and End-stage kidney
disease (RIFLE) criteria for the diagnosis and staging of AKI (7),
the first standardized criteria for AKI staging that divides renal
injury into 5 hierarchical stages based on serum creatinine (Scr)
changes and urine output reduction, which addressed the lack of
uniform ARF definitions and enabled the first stratification of renal
injury severity in clinical practice. The Acute Kidney Injury
Network (AKIN) subsequently revised these criteria to establish
the AKIN standards (8), simplifying RIFLE into 3 stages, narrow-
ing the Scr change time window to 48 h and lowering the Scr eleva-
tion threshold to 1.5 times the baseline, a revision designed to
facilitate early clinical identification of AKI and simplify staging for
rapid bedside application. In 2012, the Kidney Disease: Improving
Global Outcomes (KDIGO) initiative issued updated guidelines (9)
that built on RIFLE and AKIN to address the high misdiagnosis
rates of prior classification systems; this criterion retained the
3-stage classification, expanded the Scr and urine output judgment
thresholds and incorporated definitions of persistent renal injury,
which improved the detection of mild and early AKI, featured more
comprehensive staging suitable for critically ill patient populations
such as post-ICH patients, and standardized AKI diagnosis across
different studies. This evolutionary process, however, has led to
inconsistent AKI definitions across post-ICH studies, hindering
direct comparisons of their findings (4), with the core differences
among the three criteria lying in that RIFLE focuses on the strati-
fication assessment of moderate to severe renal injury, AKIN pri-
oritizes rapid early diagnosis with a narrow time window for Scr
changes, and KDIGO balances early AKI detection and severity
stratification with the most sensitive diagnostic threshold for early
renal injury.

Besides, therapeutic approaches for ICH have expanded rapidly.
Large multicenter randomized trials and guidelines from the
American Heart Association/American Stroke Association indicate
that timely, intensive acute reduction of systolic blood pressure (SBP),
an intervention involving the prompt titration of SBP to guideline-
recommended target levels (<140 mmHg) in patients with acute ICH,
is safe and improves functional outcomes in ICH patients (10-13).
However, findings from ACTH-1/2 trials (14, 15) and other observa-
tional studies (6, 16) suggest intensive SBP reduction may correlate
with renal impairment and AKI. Additionally, life-saving interven-
tions like mannitol, which have been widely used in clinical practice
for ICH, have been associated with AKI in these patients (17). Given
these conflicting links between primary ICH therapies and AKI risk,
a clearer understanding of post-ICH AKI has become critically urgent.
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To our knowledge, although there have been several important
research updates in this field, no updated systematic reviews or meta-
analyses have further explored and summarized this critical clinical
issue. Given the significance, we conducted this systematic review and
meta-analysis to investigate the incidence and mortality of AKI fol-
lowing ICH and evaluate the impact of post-ICH AKI on patients’ risk
of death.

Methods
Data sources

This systematic review and meta-analysis followed the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines. The study protocol was registered in
PROSPERO with the registration number CRD42025642481. A com-
prehensive literature search was performed in the Embase, PubMed,
and Scopus databases up to April 1, 2025, with no restrictions
on data.

Eligibility criteria and data extraction

Studies meeting the inclusion criteria were divided into two cat-
egories: those describing the incidence rate of acute kidney injury
(AKI) after intracerebral hemorrhage (ICH), and those evaluating any
association between AKI and mortality in ICH patients. We included
studies involving adult patients with ICH confirmed by CT or MRI,
and excluded those including traumatic ICH or subarachnoid hemor-
rhage. Similarly, we excluded studies that evaluated the incidence of
contrast-induced or mannitol-induced kidney injury in ICH patients.
In this present study, two studies used data from the same patient
population but applied different AKI diagnostic criteria; thus, they
were identified as separate studies and included in the analysis
(18, 19).

Two authors (EZ., a professional neurosurgeon, and J.L., a profes-
sional nurse with neurosurgical nursing experience) first indepen-
dently screened titles and abstracts and subsequently evaluated the full
texts to determine whether the studies met the predefined inclusion
criteria. Any discrepancies arising during the screening process were
resolved through discussion, with the senior author (S.Y., an experi-
enced neurosurgeon) involved in making final decisions. Additionally,
these two authors first pretested the data extraction form before inde-
pendently extracting outcome data. They then cross-checked their
extracted results, and any inconsistencies were resolved through dis-
cussion to reach a consensus.

Outcomes

The primary and secondary outcomes included in the analysis
were the incidence rate of AKI and all-cause mortality. In this study,
AKI was defined based on three diagnostic criteria: Risk, Injury,
Failure, Loss of kidney function, End-stage kidney disease (RIFLE),
Acute Kidney Injury Network (AKIN), and Kidney Disease:
Improving Global Outcomes (KDIGO). This definition was deter-
mined by assessing kidney function using serum creatinine and the
Modification of Diet in Renal Disease (MDRD) formula to calculate
estimated glomerular filtration rate (eGFR) (8).
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Assessment of risk of bias

Two authors (R.L. and H.Z.) independently assessed the risk of
bias using the Newcastle-Ottawa Scale (NOS) for cohort studies and
the Risk of Bias 2 (RoB 2) tool for randomized clinical trials and stud-
ies with a NOS score of >7 were classified as low-bias studies (20, 21).
Any disagreements that arose during this process were resolved
through consensus.

Statistical analysis

The pooled odds ratios (ORs) for the association between AKI
and mortality were converted using natural logarithms, and standard
errors (SE) were calculated from their respective 95% confidence
intervals (CIs). No covariates were incorporated into the model for
adjustment. Furthermore, we conducted a sensitivity analysis, exclud-
ing ORs that derived from study that ICH patients receiving intensive
blood pressure reduction. For heterogeneity assessment, we reported

10.3389/fmed.2026.1721535

Cochran’s Q statistic, I* value, and ° statistic, and categorized I” values:
I? < 25% was defined as low heterogeneity, 25-50% as moderate het-
erogeneity, and >50% as high heterogeneity. All analyses were per-
formed using R software.

Results
Overview of included studies

We conducted searches and identified 2,209 records. Following
the removal of duplicates, 1867 unique records remained. Subsequent
screening of titles and abstracts led to the exclusion of 1833 records as
they did not meet the inclusion criteria. We assessed the full texts of
the remaining 34 records, and finally, we included 12 studies (6, 14,
18,19, 22-29) in the meta-analysis and systematic review. The detailed
flow chart is presented in Figure 1.

Identification of studies up to April 1, 2025
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FIGURE 1
The flow chart for the selection of studies in this systematic review and meta-analysis.
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Overall, the 12 studies included in the meta-analysis comprised
16,199 patients, with 5 (41.7%) being prospective studies and 7
(58.3%) being retrospective studies. For defining post-ICH AKI, 7
(58.3%) of these studies used the Kidney Disease: Improving Global
Outcomes (KDIGO) criteria, 4 (33.3%) used Acute Kidney Injury
Network (AKIN), and 1 (8.3%) used Risk, Injury, Failure, Loss of
kidney function, End-stage kidney disease (RIFLE). Notably, two of
these studies (18, 19), both with data from the ACTH-2 trial, used
AKIN and KDIGO, respectively, to identify and define AKI following
ICH. The baseline characteristics of the included studies are presented
in Table 1.

Quality assessment

Cohort studies and randomized clinical trials were assessed
for quality using the Newcastle-Ottawa Scale (NOS) and the Risk
of Bias 2 (RoB 2) tool, respectively. All included studies were
judged to have a low risk of bias (Supplementary Figure S1 and
Supplementary Table S1).

Incidence of AKI following ICH

As shown in Figure 2, the summary incidence rate of acute kidney
injury (AKI) following intracerebral hemorrhage (ICH) is 20.4% (95%
confidence interval [CI]: 15.2-25.6%), with statistically significant
heterogeneity (I* = 97.2%, p < 0.0001). Further, we conducted sub-
group analyses based on post-ICH AKI definitions, including KDIGO,
AKIN, and RIFLE. The pooled incidence of AKI in ICH patients diag-
nosed by KDIGO was 21.1% (95% CI: 13.5-28.7%), while that diag-
nosed by AKIN was 18.9% (95% CI: 9.7-28.1%). Only one study used
the RIFLE criteria, which reported an AKI incidence of 22.2% (95%
CI: 15.9-29.4%) in ICH patients.

Subgroup analyses were conducted to compare the incidence rates
across the three diagnostic criteria, and statistically significant hetero-
geneity was noted in each subgroup. Meanwhile, the incidence rates
determined by the KDIGO and RIFLE criteria were slightly higher
than that by the AKIN criteria, a finding consistent with previous
reports (30, 31) that the KDIGO criteria has the highest diagnostic

TABLE 1 Overview and characteristics of studies included in the meta-analysis.

10.3389/fmed.2026.1721535

rate of AKI in hospitalized patients, the RIFLE criteria is comparable
to it, and both are superior to the AKIN criteria.

Given that the stage of AKI in ICH patients is associated with
prognosis, we further analyzed the proportions of different post-ICH
AKI stages (Supplementary Figures S2-54). A total of 5 studies staged
post-ICH AKI with 2 studies using the KDIGO criteria and 3 using
AKIN. Post-ICH AKI stage 1 is the most common type with a pooled
incidence rate of 75.6% (95% CI: 59.9-91.4%). The proportions of AKI
stage 2 and stage 3 are similar. For AKI stage 3, incidence varied
widely across studies, ranging from 0 to 40.4%. The analysis showed
statistically significant heterogeneity.

Mortality of AKI following ICH

AKI is recognized as a risk factor for both short- and long-term
mortality in ICH patients. Thus, we aimed to assess the mortality risk
in ICH patients who experienced AKI. A total of 3 studies were
included in the analysis with 2 with in-hospital mortality, and 1 with
90-day follow-up. Shown in Figure 3, the results from the meta-anal-
ysis showed a significantly increased mortality risk (odds ratio [OR]
3.16; 95% CI: 1.93-5.18; I* = 58.4%; p = 0.0903).

Sensitivity analysis

Considering that the occurrence of AKI in patients with ICH has
been reported to be associated with intensive blood pressure reduc-
tion, we performed additional analysis on the mortality risk related to
AKT in these patients. Specifically, we included studies that investi-
gated mortality outcomes in ICH patients who underwent intensive
blood pressure reduction and developed AKI. Ultimately, 2 studies
were included in the analysis. Consistent with the previous analysis,
similar results were observed (Supplementary Figure S5) that ICH
patients with post-ICH AKIT had a significantly increased risk of mor-
tality compared to those without AKI (OR 3.88; 95% CI: 2.38-6.32;
I* = 37.5%; p = 0.2058). Due to the fact that the number of studies
included in the meta-analysis is still comparatively small, a factor that
undermines the validity of funnel plots in detecting publication bias,
we chose not to conduct funnel plot to assess the publication bias.

AKI criteria AKI, n (%) AKI mortality, n (%) Non-AKI mortality,
n (%)
Tian 2023 58.1 KDIGO 1,325 (13.7) NA NA
Wang 2023 69.8 KDIGO 356 (29.3) 132 (37.0) 236 (27.5)
Naidech 2023 59.5 KDIGO 109 (10.9) NA NA
Zhang 2021 58.6 KDIGO 136 (9.4) 70 (51.5) 299 (22.8)
Wang 2020 58.0 KDIGO 142 (35.2) NA NA
Qureshi 2020 59.5 AKIN 149 (14.9) 21 (14.1) 46 (5.4)
Ansaritoroghi 2019 56.3 KDIGO 64(203) 10 (15.6) 14 (5.5)
Jiang 2019 NA KDIGO 90 (29.8) NA NA
Burgess 2018 62.0 AKIN 139 (31.0) 55 (39.6) 37 (12.0)
Khatri 2014 64.7 AKIN 171 (20.6) 68 (39.8) 200 (30.4)
Qureshi 2012 62.0 AKIN 5(8.3) 2 (40.0) 8 (14.5)
Covic 2008 66.1 RIFLE 35 (22.2) NA NA

AKI, acute kidney injury.
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Subgroup = KDIGO .

Tian-2023 1325 9469 : 0.140  [0.133;0.147]
Wang-2023 356 1213 : — 0.293  [0.268; 0.320]
Naidech-2023 109 1000 - 0.109  [0.090; 0.130]
Zhang-2021 136 1449 . o 0.094 [0.079;0.110]
Wang-2020 142 403 : — 0.352  [0.306; 0.401]
Ansaritoroghi-2019 64 316 — 0.203  [0.160; 0.251]
Jiang-2019 90 302 —. 0.298 [0.247; 0.353]
Random effects model 14152 — T 0.211  [0.135; 0.287]
Heterogeneity: /% = 98%, £ =0.0103, p < 0.0001 :
Subgroup = AKIN
Qureshi-2020 149 1000 = 0.149  [0.127;0.173]
Burgess-2018 139 448 — 0.310  [0.268; 0.355]
Khatri-2014 171 829 — 0.206  [0.179; 0.235]
Qureshi-2012 5 60 — . 0.083 [0.028;0.184]
Random effects model 2337 —_— T 0.189  [0.097; 0.281]
Heterogeneity: 12 = 94.4%, % =0.0083, p < 0.0001 :
Subgroup = RIFLE
Covic-2008 35 158 — 0.222  [0.159; 0.294]
Random effects model 16647 e 0.204 [0.152; 0.256]
Heterogeneity: 12 = 97.2%, £ = 0.0080, p < 0.0001 ! ! ! ! ! ! ! !
005 01 015 02 025 03 035 04
FIGURE 2
The forest plot showing pooled incidence rate of AKl after ICH. AKI, acute kidney injury; ICH, intracerebral hemorrhage.
Study Odds Ratio OR 95%-Cl
Burgess-2018 — 480 [2.98;7.74]
Khatri-2014 — 211 [1.18;3.77]
Qureshi-2020 — 290 [1.56;5.38]
Random effects model —~— 3.16 [1.93;5.18]
T T T 1
0.2 0.5 2 5
Heterogeneity: /% = 58.4%, £ =0.1096, p = 0.0903
FIGURE 3
The forest plot showing the adjusted OR for the association between AKI and mortality in patients with ICH. OR, Odds ratio; AKI, acute kidney injury;
ICH, intracerebral hemorrhage

Discussion

This systematic review and meta-analysis included 12 studies with
16,647 ICH patients. We found that the pooled incidence of AKI after
ICH onset was 20.4% (95% CI: 15.2-25.6%), which is clinically signifi-
cant. Across the studies, heterogeneity was high for the incidence of
post-ICH AKI. Subgroup analysis based on different diagnostic crite-
ria for AKT showed distinct differences in the incidence of AKI after
ICH. Compared with the KDIGO criteria, the incidence of AKI after
ICH diagnosed by the AKIN criteria was lower. This finding may align
with previous studies, which confirmed that the KDIGO criteria are
more sensitive and accurate in identifying early kidney injury than the
AKIN criteria (31). These results suggest that the incidence of AKI
after ICH might have been underestimated in some previous studies
that used the AKIN criteria. However, two separate studies from the
ACTH-2 trial, which applied the AKIN and KDIGO criteria
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respectively, revealed the opposite trend (18, 19). Specifically, the inci-
dence of new-onset AKI after ICH under the AKIN criteria was 15%,
which was higher than the 11% observed under the KDIGO criteria.
In addition, significant heterogeneity was noted across all included
studies. Therefore, more studies are needed in the future to further
explore and compare the applicability of different AKI diagnostic cri-
teria, with the goal of establishing the most suitable standard for iden-
tifying AKT after ICH.

For patients with ICH, most require contrast-based diagnostic
imaging to confirm the diagnosis, while some also receive mannitol
therapy for cerebral edema, and both of these practices increase the
risk of AKI (17, 32). Additionally, as ICH is a neurological emergency,
most patients need surgical intervention or admission to the intensive
care unit for monitoring and treatment. During this period, they may
be given nephrotoxic antibiotics such as vancomycin and fluoroqui-
nolones, which further raises the risk of kidney damage (25).
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Notably, ICH patients with severe hypertension are more likely to
develop AKI, as reported in previous studies (16). To reduce the risk
of AKJ, it is necessary to maintain relatively high blood pressure levels
in these patients (6, 14, 18), and this creates a certain contradiction
with the currently used intensive blood pressure reduction, which is a
treatment widely recognized to improve mortality and functional out-
comes in ICH patients (33). In this study, we found ICH patients who
develop AKI have a short-term mortality rate of 14.1-43.1%, which is
significantly higher than that of ICH patients without AKI. The pooled
OR for short-term mortality risk in these ICH patients with AKI was
3.16 (95% CI: 1.93-5.18). When only the study that ICH patients
receiving intensive blood pressure reduction was included and a sen-
sitivity analysis was conducted, the OR increased to 3.88 (95% CI:
2.38-6.32), suggesting the efficacy of intensive blood pressure reduc-
tion should be further tested. Besides, a proportion of ICH patients
already have chronic kidney disease (CKD) before the onset of
ICH. CKD is not only a risk factor for ICH but also increases the likeli-
hood of AKI in patients after ICH (25, 34), and applying intensive
blood pressure reduction to this population further exacerbates this
risk (35). Going forward, further studies are needed to determine the
optimal blood pressure reduction strategy for these ICH patients.

A national study (36) reported that between 2002 and 2011, the
incidence of AKI requiring dialysis among ICH patients showed an
upward trend. During the same period, the short-term mortality rate
and adverse discharge outcomes also rose significantly in ICH patients
who needed dialysis. Among ICH patients with AKI, there are notable
differences in renal function recovery across different AKI stages.
Patients with AKI Stage 1 or 2 have a significantly higher renal func-
tion recovery rate than those with Stage 3. Specifically, AKI Stage 3
patients are more likely to progress to renal failure, and some of them
require dialysis (37). Furthermore, the mortality rate of these patients
who need renal replacement therapy is significantly higher during
long-term follow-up (25). These results suggest that for the vulnerable
group of patients with both ICH and AKT, it is important to carry out
early diagnosis, optimize risk stratification, and make preparations for
their complex long-term care needs.

In recent years, significant progress has been made in biomarker
research for AKI following ICH. f2-microglobulin has been identified
as an independent predictor of AKI in ICH patients, with its expres-
sion levels closely associated with in-hospital and long-term mortality
(22). The lactic dehydrogenase-to-albumin ratio serves as a cost-effec-
tive and reliable biomarker for predicting AKI risk after ICH, demon-
strating important clinical value in early identification and risk
stratification (38). Additionally, procalcitonin has been shown to pre-
dict AKI occurrence and the need for renal replacement therapy in
ICH patients (39). However, novel biomarkers such as NGAL and
KIM-1 await specific validation in ICH populations, and future
research should focus on identifying optimal biomarker combinations
to establish an early warning system. Regarding predictive models, the
ICH-AKIM score integrates five clinical variables (sex, systolic blood
pressure, diabetes history, Glasgow Coma Scale score, and mannitol
use) and four laboratory parameters (serum creatinine, albumin, uric
acid, and neutrophil-to-lymphocyte ratio), exhibiting excellent predic-
tive performance (24). With advances in artificial intelligence tech-
nologies such as machine learning, more precise predictive tools for
AKI after ICH are anticipated to support clinical decision-making.

Several limitations of this study should be acknowledged. First, in
the meta-analysis of AKI incidence among ICH patients, significant
high heterogeneity was observed, which may limit the generalizability
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of our conclusions. To address this, we used selected random-effects
model and performed subgroup analyses stratified by different AKI
diagnostic criteria to obtain a more accurate incidence rate estimate.
Second, most studies included in this analysis are single-center cohort
studies, which may introduce recall bias and therefore requires cau-
tious interpretation of the results. Third, preexisting CKD and other
confounders, including age, SBP and treatment, are known risk factors
for AKI in ICH patients and are also associated with mortality and
functional outcomes. This makes it challenging to establish a causal
relationship between AKI and mortality in ICH patients. Nevertheless,
AKT still emerges as a potential risk factor of death and poor func-
tional outcome that warrants attention in clinical practice.
Additionally, only short-term mortality was analyzed due to the lack
of data on long-term mortality and functional outcomes, highlighting
the need for future studies to explore these outcomes.

Conclusion

Through our systematic review and meta-analysis, AKI is con-
firmed as a common post-ICH complication (19% incidence rate),
and it is associated with a notably higher mortality risk as well as unfa-
vorable functional outcomes in affected ICH patients. Future studies
should be conducted focusing on identifying reliable biomarkers for
early AKI detection in ICH patients, exploring individualized blood
pressure control plans to balance ICH outcomes and AKI risk, analyz-
ing long-term impacts of AKI on the renal function of ICH patients,
and standardizing nursing care pathways for AKI management. In
addition, more studies should assess the safety and effectiveness of
intensive blood pressure reduction in ICH patients with preex-
isting CKD.
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