SYSTEMATIC REVIEW

Temporal Relationship and Clinical Outcomes
of Acute Kidney Injury Following Acute
Respiratory Distress Syndrome: A Systematic

Review and Meta-Analysis

OBJECTIVES: Conduct a systematic review and meta-analysis to assess prev-
alence and timing of acute kidney injury (AKI) development after acute respiratory
distress syndrome (ARDS) and its association with mortality.

DATA SOURCES: Ovid MEDLINE(R), Ovid Embase, Ovid Cochrane
Central Register of Controlled Trials, Ovid Cochrane Database of Systematic
Reviews, Ovid PsycINFO database, Scopus, and Web of Science thought
April 2023.

STUDY SELECTION: Titles and abstracts were screened independently and in
duplicate to identify eligible studies. Randomized controlled trials and prospective
or retrospective cohort studies reporting the development of AKI following ARDS
were included.

DATA EXTRACTION: Two reviewers independently extracted data using a pre
piloted abstraction form. We used Review Manager 5.4 software (Cochrane
Library, Oxford, United Kingdom) and Open Meta software (Brown University,
Providence, RI) for statistical analyses.

DATA SYNTHESIS: Among the 3646 studies identified and screened, 17
studies comprising 9359 ARDS patients met the eligibility criteria and were in-
cluded in the meta-analysis. AKI developed in 3287 patients (40%) after the di-
agnosis of ARDS. The incidence of AKI at least 48 hours after ARDS diagnosis
was 20% (95% CI, 0.18-0.21%). The pooled risk ratio (RR) for the hospital (or
30-d) mortality among ARDS patients who developed AKI was 1.93 (95% ClI,
1.71-2.18). AKI development after ARDS was identified as an independent risk
factor for mortality in ARDS patients, with a pooled odds ratio from multivariable
analysis of 3.69 (95% ClI, 2.24-6.09). Furthermore, two studies comparing mor-
tality between patients with late vs. early AKl initiation after ARDS revealed higher
mortality in late AKI patients with RR of 1.46 (95% CI, 1.19-1.8). However, the
certainty of evidence for most outcomes was low to very low.

CONCLUSIONS: While our findings highlight a significant association between
ARDS and subsequent development of AKI, the low to very low certainty of ev-
idence underscores the need for cautious interpretation. This systematic review
identified a significant knowledge gap, necessitating further research to establish
a more definitive understanding of this relationship and its clinical implications.

KEYWORDS: acute kidney injury; acute respiratory distress syndrome; kidney
failure; meta-analysis; respiratory failure; systematic review

(ARDS) are frequently encountered in critically ill patients and are
associated with significant morbidity and mortality rates (1-4).
Combination of ARDS and AKI nearly doubles the mortality rate (5). Clinical
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Question: What is the incidence of acute kidney
injury (AKI) after acute respiratory distress syn-
drome (ARDS)? Does ARDS increase the risk of
AKI and is it associated with increased mortality?

Findings: AKI frequently occurs after ARDS,
increasing mortality risk. ARDS independently
raises AKl risk, and AKI post-ARDS independ-
ently raises mortality risk. A knowledge gap exists
in current literature regarding the AKI-ARDS tem-
poral relationship.

Meaning: ARDS patients should be closely moni-
tored for AKI, as its development independently
worsens outcomes. Further research is needed to
elucidate the temporal dynamics of AKI and ARDS
for improved patient care.

. J

and experimental evidence has highlighted the signifi-
cant interplay between the lungs and kidneys, indicat-
ing a complex lung-kidney “crosstalk” (4). However,
despite accumulating evidence suggesting the interac-
tion between ARDS and AKI, a significant knowledge
gap remains regarding the temporal relationship be-
tween AKI and ARDS and their impact on clinical out-
comes. Only few studies have investigated the timing
of AKI in relation to the ARDS onset. Understanding
the temporal relationship between AKI and ARDS
might be important for comprehending their patho-
genesis, identifying appropriate treatment options, and
improving management for critically ill patients.

We conducted a systematic review and meta-
analysis adhering to rigorous methodological stan-
dards to address: 1) the incidence of AKI following
the diagnosis of ARDS and 2) the impact of the timing
of AKI development after ARDS diagnosis on patient
mortality.

MATERIALS AND METHODS

We conducted this systematic review accord-
ing to a prespecified protocol registered and pub-
lished at the PROSPERO (https://www.crd.york.
ac.uk/PROSPERO/,  identification =~ number
CRD42023387744), and this review was reported per
Preferred Reporting Items of Systematic Reviews and
Meta-Analysis statement (6).
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Information Sources and Search Strategies

We conducted a comprehensive search in various
databases until April 7, 2023, for English-language
papers. Databases included Ovid MEDLINE(R),
Epub Ahead of Print, In-Process & Other Non-
Indexed Citations, Daily, Embase, Cochrane Central
Register of Controlled Trials, Cochrane Database of
Systematic Reviews, PsycINFO database, Scopus, and
Web of Science. An experienced librarian designed
the search strategy with input from the principal in-
vestigator. Controlled vocabulary and keywords were
used to search for studies on ARDS and AKI in adult
patients (Supplemental Material 1, http://links.lww.
com/CCX/B307). The search strategy was restricted to
English language to ensure the accuracy of the data in-
terpretation. We did not include gray literature in our
search strategy. This decision was made to focus on
peer-reviewed and published studies to ensure a high
standard of scientific rigor in our analysis. The search
strategy was not peer-reviewed by a second research
librarian. However, it was meticulously developed and
reviewed within our research team, ensuring adher-
ence to systematic review standards and best practices.

Eligibility Criteria and Selection Process

Randomized control trials and observational studies
were eligible for inclusion. Studies were deemed eligible
if they reported on the incidence of AKI following the di-
agnosis of ARDS in critically ill adult patients (= 18 yr
old). Furthermore, we examined patient mortality based
on the timing of AKI development, specifically after the
ARDS diagnosis, and categorized it as early vs. late AKI
development post-ARDS. Outcomes of interest were: 1)
incidence of AKI after the diagnosis of ARDS, 2) mor-
tality of patients who developed AKI after ARDS, 3) tim-
ing of developing AKI after ARDS, and 4) mortality based
on the timing of developing AKI defined as AKI before
the diagnosis of ARDS vs. after diagnosis ARDS and early
AKIT vs. late AKI after ARDS. “Early AKI” was defined
as AKI occurring within (specific time frame, e.g., 48 hr)
after the diagnosis of ARDS. In contrast, “Late AKI” was
considered as AKI developing after this initial period. The
determination of the timing of AKI was based on the data
available from the included studies. We chose a 48-hour
cutoff for early vs. late AKI development as creatinine el-
evation, a key indicator of AKI, typically manifests within
this time frame post-ARDS. This timeframe aids in
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distinguishing AKI as either a consequence of ARDS or
as part of a concurrent pathologic process. We extracted
information regarding the time of AKI onset from each
study and categorized them accordingly. We excluded
studies that did not specify the temporal relationship of
AKI with ARDS, studies that reported only development
of AKI before ARDS or concomitant occurrence of AKI
with ARDS. AKI was classified as concomitant if it was
diagnosed on the same day as ARDS or within 24 hours of
ARDS diagnosis. We included studies only if they defined
AKI by (Kidney Disease Improivng Global Outcmes,
Risk, Injury, Failure, Loss of kidney function, and End-
stage kidney disease, or Acute Kidney Injury Network
criteria (7-9). We excluded studies that did not clearly
indicate the diagnosis of ARDS, either through explicit
wording or by using one of the accepted definitions for
ARDS (10, 11). Studies that only included patients with
respiratory failure or patients on mechanical ventilation
or extracorporeal membrane oxygenation with no clarifi-
cation that those patients had ARDS were also excluded.
We excluded case reports, reviews, thesis, books, edito-
rials, author responses, letters, comments, conference
abstracts, guidelines, letters, notes, book chapters, sur-
veys, and protocols/registries (ongoing study) with no
available results.

Data Collection and Analysis

Two reviewers (H.H.T., N.N.) independently reviewed
and adjudicated the potential eligibility of each abstract
generated by the search strategy. Full-text articles were
obtained unless both reviewers unanimously deter-
mined an abstract to be ineligible. Subsequently, each
tull-text report underwent individual assessment for
final study inclusion. Disagreements were resolved by
consensus. We used k statistics to measure agreements.

We extracted data using a standardized form. We ab-
stracted study identifiers (authors, journal, country, year
of publication, and characteristics [study design, setting,
sample size, inclusion and exclusion criteria, and defini-
tions of AKI and ARDS]), participant information (dem-
ographics, comorbidities, and severity of disease), and
outcomes (mortality among those with ARDS with and
without AKI, timing of AKI and ARDS development,
AKI stage, and temporal relation of AKI with ARDS to
divide the enrolled patients into three groups of AKI be-
fore ARDS, AKI after ARDS, and concomitant AKI and
ARDS). Two reviewers (M.C., H.H.T.) assessed extracted
data and resolved the disagreement with consensus. We
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contacted authors of the studies to obtain missing data.
We did not impute missing data. Multiple records from
same cohort were not included in same analysis.

Data Synthesis and Statistical Analysis

We directly extracted mean and sp for continuous
variables or calculated them from relevant reported
statistical results. For studies reporting medians and
interquartile ranges (IQRs), we estimated means and
sDs using established methods (12, 13).

We reported the AKI after ARDS incidence using
Freeman-Tukey double-arcsine transformations (14).
We presented results as risk ratio (RR) and 95% Cls for
binary outcomes using pooled effect sizes. Because of
the expected substantial clinical heterogeneity among
the patient population, setting, study design, and kidney
function and respiratory distress metrics across the stud-
ies, the effect size was calculated using the random effect
model. Adjusted point estimates from each study were
consolidated by the generic inverse variance approach
of DerSimonian and Laird (15), which designated the
weight of each study based on its variance. Quantitative
heterogeneity was assessed by performing a formal ho-
mogeneity test and evaluating the proportion of total var-
iability attributable to heterogeneity rather than sampling
error (I). To explore sources of heterogeneity, we per-
formed a subgroup analysis of early vs. late AKI develop-
ment after ARDS. We reported the variability in studies
in forest plots and incorporated them into the standard
meta-analysis statistics. We used Review Manager 5.4
(Cochrane Library, Oxford, United Kingdom) and Open
Meta software for analyses, with a significance threshold
set at p value of less than 0.05.

Risk of Bias Assessment

Riskofbiaswasevaluated using Cochrane Collaboration
risk assessment for nonrandomized studies, Risk of
Bias in Observational Studies of Exposures tool (16)
and a revised tool for randomized controlled trials,
Risk of Bias 2 (17). Small-study effects and publication
bias were assessed visually through funnel plots.

Grading the Quality of Evidence

We used the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) (18) was used
to assess the overall quality of evidence for each outcome.

www.ccejournal.org 3
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RESULTS

Our search strategy initially retrieved 3646 potentially
relevant articles for our study. Following the screening
stage, we excluded 3559 articles, resulting in 87 articles
that underwent full-text review. After the full-text re-
view, an additional 70 articles were excluded, leaving
us with 17 studies that met all the eligibility criteria
and were included in the final analysis (Supplemental
Fig. S1, http://links.lww.com/CCX/B307). The agree-
ment between reviewers was substantial (x = 0.79).
Among those studies that described the demographic
characteristics, 61% (14 studies) were male, and the
average age of the participants was 54 years (95% CI,
49.7-59.4 yr; 15 studies). Supplemental Table S1
(http://links.lww.com/CCX/B307) summarizes addi-
tional information on the countries where the studies
were conducted, the definitions for AKI or ARDS, time
to follow-up, ICU setting, leading causes of ARDS, and
other study characteristics.

Incidence of AKI After ARDS

Of the 17 studies that examined the development of
AKT after ARDS, 3287 patients with ARDS were found
to develop AKI. This resulted in a pooled incidence
rate of 39% (95% CI, 32-46%; 17 studies) (Fig. 1). It
is important to note that significant heterogeneity was
observed among the studies (I* = 98%; p < 0.001), with
the incidence rate ranging from 19% to 68%. A sensi-
tivity analysis was conducted to explore the potential

sources of this heterogeneity, considering various fac-
tors such as the removal of studies with a high risk of
bias due to missing data or potential underestimation
of AKI due to unclear definitions of the AKI timing,
studies with different definitions of AKI, the AKI
timing, ICU setting, and age of the included patient.
Despite these efforts, the heterogeneity remained high.
This suggests that factors other than those consid-
ered in the sensitivity analysis may contribute to the
observed variability among the studies.

To address the potential ambiguity arising from the
simultaneous occurrence of AKI with ARDS, we con-
ducted a separate analysis focusing on studies that re-
ported the development of AKI at least 48 hours after the
initial diagnosis of ARDS (19-23). By excluding cases of
AKI within the initial 48 hours, we aimed to investigate
AKI incidence beyond the immediate association with
ARDS diagnosis. Our analysis revealed a pooled AKI
incidence rate of 20% (95% CI, 18-21%; five studies) at
least 48 hours after the diagnosis of ARDS. No statisti-
cally significant heterogeneity was observed among the
included studies (I = 19.5%; p = 0.32) (Supplemental
Fig. 2, http://links.Iww.com/CCX/B307).

ARDS As an Independent Risk Factor for the
AKI Development

Only two studies, Darmon et al (1) and Han et al (24),
conducted multivariable-adjusted analyses to evaluate
whether ARDS is an independent predictor of AKI

Studies Estimate (95% C.I.) Ev/Trt
Panitchote 2019 0.678 (0.629, 0.726) 242/357 — -
Pylarzik 2022 0.573 (0.477, 0.668) 59/103 —_—
Cui 2022 0.518 (0.462, 0.573) 161/311 —
Nin 2011 0.512 (0.405, 0.619) 43/84 =
Darmon 2014 0.443 (0.420, 0.465) 832/1879 -
Haneya 2015 0.443 (0.383, 0.503) 116/262 —
Fogagnolo 2021 0.433 (0.256, 0.611) 13/30 -
Al-Thani 2022 0.388 (0.285, 0.492) 33/85 -
MeNicholas 2019 0.388 (0.366, 0.409) 765/1974 -
Shebl 2020 0.383 (0.277, 0.489) 31/81 n
Marchiset 2023 0.364 (0.256, 0.471) 28/77 =
Cai 2022 0.347 (0.280, 0.414) 67/193 ——.
Fedespiel 2018 0.319 (0.286, 0.353) 238/745 ——
Han 2019 0.295 (0.255, 0.335) 148/501 ——
Clemens 2016 0.227 (0.180, 0.275) 68/299 —.
Soto 2012 0.186 (0.159, 0.214) 140/751 -
Tomassi 2023 0.186 (0.167, 0.205) 303/1627 . B
Overall (1*2=97.91 % , P< 0.001) 0.390 (0.322, 0.458) 3287/9359 _—
02 03 04 05 06 o7
Event Rate of AK| after ARDS

Figure 1. Incidence of acute respiratory distress syndrome (ARDS) patients who developed acute kidney injury (AKI) after diagnosis of
ARDS. Ev, Event (number of patients developed AKI after ARDS); Trt, Treatment (Number of patients with ARDS)
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development in critically ill patients. The pooled es-
timate from these two studies yielded an odds ratio
(OR) of 2.16 (95% CI, 1.25-3.73; two studies) (Fig. 2).

Timing of AKI After ARDS

Five studies reported the timing of AKI development
after ARDS (21, 25-28). The pooled estimate for the
development of AKI after ARDS was 3.8 days (95%
CI, 3.62-4.17; five studies) with no significant hetero-
geneity (I” = 26.6%; p = 0.24) (Supplemental Fig. S3,
http://links.lww.com/CCX/B307). Three studies did
not report the median or mean time of AKI develop-
ment after ARDS but provided the number of patients
who developed AKI at different time intervals. Soto et
al (20) reported that out of 465 patients, 70% (n = 333)
developed AKI on the day of ARDS (median, 0; IQR,
0-1), 20% (n = 95) developed AKI during the next 7
days after ARDS diagnosis, and the remaining 10%
(n = 47) developed AKI after the first week. Nin et al
(19) reported that out of 43 AKI patients, 65% (n = 28)
developed AKI within 2 days, whereas 35% (n = 15)
developed it after 2 days of ARDS diagnosis. Cui et al
(23) indicated that out of 161 patients with AKI, 57%
(n =91) developed AKI within 48 hours of ARDS di-
agnosis, and 43% (n = 70) developed it after 48 hours.

Impact of AKI on Mortality in ARDS

A total of 12 studies reported the mortality of patients
who developed AKI after ARDS compared with those
who did not develop AKI (19, 21-23, 27-33). The
follow-up time to mortality varied in different studies.
While most studies reported hospital or 28- to 30-day
mortality, Soto et al (20) followed patients for 60 days
(Supplemental Table S1, http://links.lww.com/CCX/
B307). The pooled estimate for the RR of mortality was
1.93 (95% CI, 1.71-2.18; 12 studies) (Fig. 3). However

there was substantial heterogeneity (I* = 51%; p = 0.02),
so we performed prespecified sensitivity analysis to ex-
clude the studies done in different setting (Clemens et
al [22] and Al-Thani et al [32] were done at burn ICU
and trauma ICU, respectively). The sensitivity analysis
showed a pooled RR of 1.84 (95% CI, 1.68-2.02; ten
studies) with no significant heterogeneity (I* = 22%;
p =0.24) (Supplemental Fig. $4, http://links.lww.com/
CCX/B307).

To determine if the development of AKI after ARDS
is an independent risk factor for mortality, we sepa-
rately analyzed studies that performed multivariable
adjustment analysis (19, 20, 22, 23, 27, 30, 32). The
pooled estimate of the OR was 3.69 (95% CI, 2.24-
6.09; seven studies) (Fig. 4).

Association Between the Timing of AKI
Development and Mortality of ARDS Patients

To assess the relationship between the timing of AKI
development after ARDS and mortality, we compared
mortality rates between early and late AKI. Only two
studies (19, 23) provided the relevant data for this
analysis. The results indicated that patients with late
AKI had a higher mortality rate, with a pooled RR of
1.46 (95% CI, 1.19-1.9; two studies) (Fig. 5).

Comparison between AKI before vs. after ARDS
showed that here was no difference in mortality
between AKI before and AKI after ARDS with a
pooled RR (1.32; 95% CI, 0.79-2.2; two studies) (21,
22) (Supplemental Fig. S5, http://linkslww.com/
CCX/B307).

Risk of Bias and Quality of Evidence
Assessment

Risk of bias was identified primarily in missing data
and lack of confounder adjustment in observational

Odds Ratio Odds Ratio
Study or Subgroup log[Odds Ratio) SE Weight IV, Random, 95% CI IV, Random, 95% CI
Darmon, 2014 1.0473 0.2345 50.1% 2.85(1.80, 4.51) = o
Han, 2019 0.4886 0.2357 49.9% 1.63[1.03, 2.59) ——
Total (95% CI) 100.0%  2.16[1.25,3.73) e
Heterogeneity: Tau*= 0.10; Chi*= 2,82, df=1 (P = 0.09), F=65% 50_01 0f1 150 100=
Test for overall effect: Z= 2.75 (P = 0.0086) No ARDS ARDS

Figure 2. Acute respiratory distress syndrome (ARDS) as an independent risk of developing acute kidney injury. df= degrees of

freedom.
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AKl after ARDS  ARDS with no AKI Risk Ratio Risk Ratio
Study or Subgroup Events Total  Events Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Nin, 2011 14 15 16 41 6.1% 2.39[1.59,3.59] 2011
Darmon, 2014 359 832 211 1047 15.6% 2.14[1.85,2.47) 2014 e
Clemens, 2016 34 68 1 82 3.3% 3.73(2.05,6.79) 2016 EE—
Federspiel, 2018 75 238 104 507 10.6% 1.54([1.19,1.98] 2018 =
McNicholas, 2019 404 765 370 1208 17.3% 1.73[1.55,1.92] 2019 i
Panitchote, 2019 127 242 32 113 8.3% 1.85[1.35,2.54] 2019 ——
Shehl, 2020 22 3 18 50 55% 1.7 [1.28,3.04] 2020 —_——
Cai, 2022 38 67 38 126 7.7% 1.88[1.34, 2.64] 2022 I
Al-Thani, 2022 23 33 9 52 3.0% 4.03[2.13,7.60] 2022
Cui, 2022 80 161 36 150 8.1% 2.07 [1.50, 2.86) 2022 —_—
Pilarzyk, 2022 37 59 17 44  58% 1.62[1.07,2.47] 2022 ————
Tomasi 2023 65 303 69 491 8.7% 1.53(1.12,2.08] 2023 —
Total (95% Cl) 2814 3912 100.0% 1.93[1.71, 2.18] &
Total events 1278 931
Heterogeneity: Tau®= 0.02; Chi*= 22.50, df=11 (P=0.02); F=51% a 1 0‘12 0*5 é : 0
Test for overall efiect: Z=10.78 (P < 0.00001) ’ AfRDS with ho AKI AKI after ARDS

Figure 3. Mortality—acute kidney injury (AKI) after acute respiratory distress syndrome (ARDS) vs. no AKI and ARDS. df = degrees of

freedom.
AKl after ARDS ARDS alone 0Odds Ratio Odds Ratio
Study or Subgroup  log[Odds Ratio) SE Total Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Nin, 2011 27147 1.0852 15 41 44% 1510(1.80,126.68) 2011 e —
Soto, 2012 1.0152 02413 140 286 18.1% 276(1.72,443) 2012 —
Clemens, 2016 2543 03962 68 82 142% 1272(5.85,27.65 2016 —_—
McNicholas, 2019 0.7561 0.1622 765 1209 198% 2.13(1.55,293] 2019 =
Panitchote, 2019 1.0756 0.2401 242 133 18.1% 293(1.83,469] 2019 ——
Cul, 2022 05323 0.2648 161 150 17.5% 1.70(1.01,286] 2022 -
AkThani, 2022 25676 0.7209 33 52 79% 13.03[3.17,5355) 2022
Total (95% CI) 1424 1953 100.0% 3.69 [2.24, 6.09) >
Heterogeneity: Tau®= 0.30; Chi*= 27.88, df= 6 (P < 0.0001), "= 78% 0 o1 051 150 100‘
Testfor overall effect Z= 5.1 (P <0.00001) ' ARDS alone AKI after ARDS

Figure 4. Acute kidney injury (AKI) as an independent risk factor for mortality in acute respiratory distress syndrome (ARDS) patient.

df = degrees of freedom.

Late AKI Early AKI Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Cui, 2022 48 70 44 91 60.4% 1.42[1.08,1.85) —il—
Nin, 2011 14 15 17 28 39.6% 1.54 [1.11,2.13] ——
Total (95% Cl) 85 119 100.0% 1.46 [1.19,1.80] il
Total events 62 61
Heterogeneity: Tau®= 0.00; Chi*=0.14, df=1 (P=0.71); F= 0% 055 057 155 i
Test for overall effect: Z= 3.63 (P = 0.0003) : Eaﬂy AKl Late Akl

Figure 5. Mortality of patients who developed acute kidney injury (AKI) early vs. late AKI after diagnosis acute respiratory distress

syndrome. df = degrees of freedom.

studies. No evidence of publication bias was found
(Supplemental Figs. S6 and S7, http://links.lww.com/
CCX/B307). The quality of evidence, evaluated using
the GRADE approach (18) (Supplemental Table S2,
http://links.lww.com/CCX/B307), was generally low
or very low. The incidence of AKI after ARDS had a
very low quality of evidence due to the risk of bias in

6 www.ccejournal.org

the included studies, inconsistency arising from high
heterogeneity, and imprecision indicated by large CIs.
However, the quality of evidence for the incidence of
AKI at least 48 hours after ARDS was moderate. The
timing of AKI development after ARDS had a very low
certainty of evidence due to the serious risk of bias as-
sociated with study characteristics and the estimation
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of mean and sp from the median and IQR. The cer-
tainty of evidence that AKI is an independent risk
factor for increased mortality after ARDS was mod-
erate. Regarding mortality based on the temporal rela-
tionship between AKI and ARDS (AKI prior vs. after
ARDS) and mortality of early vs. late AKI, the quality
of evidence remained low and very low, respectively.

DISCUSSION

Despite the existing evidence suggesting an interac-
tion between AKI and ARDS, there is a lack of com-
prehensive studies that have evaluated their temporal
relationship. Our systematic review and meta-analysis
providing a comprehensive literature summary to date
regarding the incidence of AKI after ARDS and its im-
pact on clinical outcomes. We identified significant
variability in the reported incidence of AKI following
ARDS across the included studies. Our findings sug-
gest that ARDS may independently contribute to the
development of AKI. The development of AKI after
ARDS was consistently associated with an increased
risk of mortality, and AKI served as an independent
risk factor for mortality in these patients.

Our study’s insights into the relationship between
ARDS and AKI echo historical findings from the 70s
and 80s. Scholars like Baue et al (34) investigated
“horror autotoxicus,” a term denoting the progression
of multiple organ failure, typically starting with lung
failure and progressing to gut/liver and kidney failure.
These early studies highlighted the systemic nature of
organ response to severe injury or infection, leading
to a deeper understanding of multiple organ failure.
This historical context not only complements our find-
ings but also underscores the ongoing evolution in
comprehending complex organ interactions in critical
conditions.

Debates have arisen over the temporal relationship
between AKI and ARDS and their impacts on clinical
outcomes. The key question revolves around whether
ARDS is a true risk factor for subsequent AKI or if
common underlying factors contribute to both condi-
tions. A secondary analysis of the Large Observational
Study to Understand the Global Impact of Severe Acute
Respiratory Failure (LUNG-SAFE) study (30, 35, 36)
suggests that ARDS may not substantially influence the
subsequent development of AKI. Specifically, no sig-
nificant associations were found between ventilatory

Critical Care Explorations

variables, lung injury severity indices, and AKI inci-
dence. Furthermore, risk factors for ARDS differ from
those for AKI development. However, most patients in
the secondary LUNG-SAFE study analysis experienced
early-onset AKI, making it unclear if risk factors for
later AKI in ARDS are similar (30, 35). Consequently,
it remains unclear whether the risk factors for AKI
development later in ARDS are similar. In a separate
study, Cui et al (23) found that AKI occurring within
48 hours of ARDS diagnosis was linked to the disease
severity and comorbidities, while late-onset AKI might
be more associated with drug toxicity or other factors
(23). While our analysis suggests that ARDS may inde-
pendently contribute to AKI development, it is impor-
tant to note that this conclusion is primarily based on
findings from just two studies. Given the limited data,
these insights should be considered as preliminary and
interpreted with caution. The inclusion of these studies
aims to highlight potential areas for further research
rather than assert definitive conclusions.

Another challenge in determining the temporal re-
lationship between AKI and ARDS is the diagnostic
delay of approximately 24-48 hours when using serum
creatinine levels to diagnose AKI (37). This delay makes
it difficult to distinguish concomitant from subsequent
AKI development after ARDS diagnosis. While the in-
cluded studies reported AKI developed after ARDS,
the timing of AKI development after ARDS was often
not clearly described in most studies, making it uncer-
tain whether AKI occurred concomitantly with the de-
velopment of ARDS or subsequently. Two studies (19,
23), categorized AKI patients as early and late AKI,
defined as AKI occurring within or after 48 hours of
ARDS diagnosis. However, they did not provide infor-
mation on patients developing AKI on the same day or
within 24 hours of ARDS diagnosis, leading to ambi-
guity in distinguishing concomitant AKI occurrence.
We separately analyzed studies reporting AKI devel-
opment at least 48 hours after ARDS diagnosis, indi-
cating an increased association of AKI development
post-ARDS diagnosis.

Among the included studies, five reported a median
time to AKI development following ARDS (1, 21, 25,
26, 38), averaging around 4 days. However, differences
in AKI timing definitions in these studies make it chal-
lenging to interpret effect estimates with high confi-
dence. Regarding mortality, patients developing AKI
after ARDS had a significantly higher mortality rate
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than those who did not. Pooled analysis of seven stud-
ies (19, 20, 22, 23, 27, 30, 32) conducting multivariable
analysis showed that AKI development after ARDS
could be an independent risk factor for mortality.
Although some heterogeneity existed between studies,
all consistently demonstrated AKI as an independent
risk factor for significantly increased mortality among
ARDS patients. Two studies (19, 23)compared mor-
tality rates between early and late AKI development
finding higher mortality in patients with late AKI de-
velopment. However, the lack of multivariable analysis
in included studies limited a robust assessment of late
AKT as an independent risk factor for mortality.

The methodological strengths of our review en-
hance its validity and reliability. Comprehensive
search strategies were conducted across multiple data-
bases, guided by an experienced librarian’s expertise.
Including studies from different periods captured a
comprehensive body of evidence for a more compre-
hensive understanding. A protocol for this review was
developed and preregistered to ensure transparency
and rigorous methodology. The study selection pro-
cess involved two independent reviewers to minimize
selection bias. Risk of bias in the included studies was
assessed using the latest tools and guidelines, ensuring
a robust evaluation of the available evidence.

Our study has several limitations. Significant het-
erogeneities existed, including study design, settings,
definitions, timing adjudications, and patient popu-
lations. Some studies included patients from trauma
or burn ICUs, introducing variability in the primary
cause and ARDS severity. While most studies used
standardized criteria for AKI and ARDS, others did
not explicitly outline their definitions, potentially
introducing inconsistencies in case classification.
Variability in follow-up duration across studies may
introduce biases and limit outcome comparability.
In this systematic review, we encountered a notable
variation in the definitions of early vs. late AKI de-
velopment post-ARDS diagnosis across the included
studies. However, we acknowledge the absence of a
universally accepted standard in this regard, which
may influence the interpretation of our results. This
study, therefore, synthesizes data based on the het-
erogeneous definitions as provided by the individual
studies. Thus, our findings regarding the timing of
AKI development post-ARDS diagnosis should be
interpreted with caution, given the variability in
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definitions across different studies. Limitation of our
study is that we were not able to summarize the grade
of AKI and rates of renal replacement therapy. The
lack of uniform reporting in the primary studies lim-
ited our ability to provide a comprehensive analysis on
this aspect. Another limitation of the study is that we
included only articles that published in English. This
was done to ensure the accuracy and consistency of
data interpretation.

Our systematic review highlights a significant
knowledge gap regarding the temporal relationship
between AKI and ARDS. Available evidence is lim-
ited, with a scarcity of reliable data focusing on the
temporal relationship in patients developing AKI
after ARDS. This gap emphasizes the need for fur-
ther studies to understand AKI incidence during
different ARDS stages, identify specific risk factors,
and evaluate preventive and management strategies.
Investigating the temporal relationship between AKI
and ARDS can contribute to recognizing and imple-
menting measures to limit AKI development in this
patient population.

CONCLUSIONS

Our systematic review and meta-analysis indicate that
AKI frequently develops after ARDS and increases
mortality risk. ARDS independently raises AKI risk
and AKI post-ARDS is an independent risk factor for
mortality. Despite these insights, our study also high-
lights a substantial knowledge gap in the existing liter-
ature regarding the temporal relationship between AKI
and ARDS. The low to very low certainty of evidence
in our analysis highlights the need for further research
to enhance our understanding of this relationship and
improve clinical management.
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