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Abstract
BACKGROUND
Polymyxin-induced nephrotoxicity is a major safety concern in clinical practice due to

long-term adverse outcomes and high mortality.

We conducted a systematic review and meta-analysis of the prevalence and potential
predictors of polymyxin-induced nephrotoxicity in adult intensive care unit (ICU)

patients.

METHODS

PubMed, EMBASE and the Cochrane Library were searched for relevant studies from
inception through May 30, 2022. The pooled prevalence of polymyxin-induced
nephrotoxicity and pooled risk ratios of associated factors were analysed using a
random-effects or fixed-effects model by Stata SE ver. 12.1. Additionally, subgroup

analyses and meta-regression were conducted to assess heterogeneity.

RESULTS
A total of 89 studies involving 12,234 critically ill adult patients were included in the

meta-analysis. The overall pooled incidence of polymyxin-induced nephrotoxicity was




34.8%. The pooled prevalence of colistin-induced nephrotoxicity was not higher than
that of polymyxin B (PMB)-induced nephrotoxicity. The subgroup analyses showed that
nephrotoxicity was significantly associated with dosing interval, nephrotoxicity criteria,
age, publication year, study quality and sample size, which were confirmed in the
univariable meta-regression analysis. Nephrotoxicity was significantly increased when
the total daily dose was divided into 2 doses but not 3 or 4 doses. Furthermore, older
age, the presence of sepsis or septic shock, hypoalbuminemia, and concomitant
vancomycin or vasopressor use were independent risk factors for polymyxin-induced
nephrotoxicity, while an elevated baseline glomerular filtration rate was a protective

factor against colistin-induced nephrotoxicity.

CONCLUSION

Our findings indicated that the incidence of polymyxin-induced nephrotoxicity among
ICU patients was high. It emphasizes the importance of additional efforts to manage

ICU patients receiving polymyxins to decrease the risk of adverse outcomes.

INTRODUCTION

Acute kidney injury (AKI), a vastly complex heterogeneous syndrome, is associated
with long-term adverse outcomes and high mortality [1]. Nearly 22% of hospitalized
patients develop AKI, and the incidence of AKI in patients in intensive care units (ICUs)
can reach 50-70% [2-4]. Nephrotoxic drugs are considered the third most common
aetiology for AKI following sepsis and hypovolemia and account for approximately
14% of cases in ICUs [4]. Drug-related risk hypervigilance and nephrotoxic drug
stewardship are important strategies for the prevention of AKI in ICU patients [3, 5].
Polymyxins (such as colistin and polymyxin B), were introduced into clinical practice
in the 1950s but abandoned soon after due to broad toxicity, espec'Elly nephrotoxicity.
Recently, polymyxins have been reintroduced as a final option in for the treatment of
infections caused by carbapenem-resistant gram-negative bacteria in critically ill

patients [6, 7], though polymyxin-associated nephrotoxicity is still the primary safety




concern and obstacle to their widespread clinical application [7, 8]. A recent study
suggested that among antibiotics, colistin had the highest AKI reporting odds ratios
(RORs) based on real-world data, including 2,042,801 reports from the Food and Drug
Administration (FDA) Adverse Event Reporting System (FAERS) [9]. Hence, there is an
urgent need to analyse the prevalence and potential risk factors for polymyxin-induced
nephrotoxicity in critically ill patients.

Several systematic reviews and meta-analyses on polymyxin-induced nephrotoxicity
and its predictors have been conducted [10-13]. The nephrotoxicity prevalence varies
widely, ranging from 26.7% to 45% [10, 12, 13]. A meta-analysis of 237 studies that
enrolled 35,569 hospitalized patients treated with systemic or inhaled polymyxins was
conducted. Patients receiving inhaled polymyxins showed a significantly lower
nephrotoxicity rate than patients receiving systemic polymyxins (13.8% vs. 29.5%; P <
0.001) [13]. Another recent meta-analysis of 48 studies involving 6,199 adult patients
with at least 48 h of intravenous polymyxin exposure showed that older age, a high
daily dose, accompanying diabetes, and concomitant nephrotoxic drugs uses were
independent predictors of nephrotoxicity [12]. However, the incidenca)f nephrotoxicity
was significantly higher in ICU patients than in non-ICU patients (odds ratio [OR] =
1.55; 95% confidence interval [CI], 1.02-2.37; P = 0.042) [13]. In addition, the severity of
patient illness was also reported to be a risk factor for colistin-related nephrotoxicity
[14]. In general, previous meta-analyses pooled nephrotoxicity events and assessed risk
factors for AKI in hospital patients receiving polymyxins; these data were insufficient
to evaluate the prevalence and risk factors for polymyxin-associated nephrotoxicity in
adult ICU patients, who account for the majority of the population using polymyxins in

clinical practice.

MATERIALS AND METHODS

This systematic review and meta-analysis were conducted and reported in

accordance with the Meta-analysis of Observational Studies in Epidemiology (MOOSE)




guidelines and Preferred Reporting Items for Systematic Reviews and Meta-

analyses (PRISMA) guidelines, respectively.

Literature search

We searched PubMed, EMBASE and the Cochrane Library from inception through
May 30, 2022, and limited the search to English-language studies involving humans.
Reference lists of the retrieved studies, systematic reviews, and meta-
analyses pertaining to our study were also reviewed. The search strategy is provided in

Supplementary Table S1.

Study selection and data extraction
Observational studies and randomized clinical trials (RCTs) were eligible for meta-
analysis if they met the following criteria: (1) the incidence of nephrotoxicity induced by
polymyxin B (PMB) or colistin in adult (age>18 years) ICU patients was reported; (2)
patients received at least 48 h of intravenous polymyxin exposure; and (3) risk factors
associated  with  nephrotoxicity = induced by  either type of polymyxin
were reported as ORs, relative risks (RRs) or hazard ratio (HRs) with 95% Cls. Studies
were excluded if they met the following exclusion criteria: (1) review, abstracts from
conference proceedings, comments, or case reports; (2) missing fulltext or
an inability to retrieve data required for analysis; or (3) a sample size of less than 10
patients.
Duplicates were detected and removed first. Then, two authors (Bi-xiao Xiang and
Yue-liang Xie) independently screened the titles, abstracts and full texts based on the
inclusion criteria and exclusion criteria. Two investigators (Jiang-lin Wang and Bi-xiao

Xiang) independently extracted the data based on the predetermined selection criteria.

Data extraction details are presented in the Supplementary Method. All disagreements
were resolved by consensus and, if not possible, by discussion with the

remaining authors.




Risk of bias

Two reviewers (Yue-liang Xie and Jiang-lin Wang) independently evaluated the risk
of bias of the included studies using the Cochrane Collaboration risk of bias tool and the
Newcastle-Ottawa Scale for RCTsand for observational studies (cohort and case-
control studies), respectively. Discrepancies were resolved by a third investigator (Xiao-
cong Zuo). The scores on the Newcastle-Ottawa Scale range from 0 to 9. The included
studies were classified into one of three categories based on the scores for each study:
low quality (score of less than 4), moderate quality (score of 5-7) and high quality
(score of 8-9). The overall risk of bias for each included RCT was classified as low if the
risk of bias was low in all domains, unclear if the risk of bias was unclear in one or more
domains and with no judgement of high risk of bias, and high if the risk of bias was

high in one or more domains [15].

Statistical analysis

Raw data including numbers of nephrotoxic events and total sample size were
statistically pooled using a random effects model to calculate the overall event rate and
95%CI. The pooled ORs with 95%CIs of associated factors were calculated using a
random-effects or fixed-effects model (I < 50%). In addition, the RRs of colistin vs PMB
as well as polymyxin treatment regimens vs nonpolymyxin-based treatment regimens
were computed considering parallel design studies. Studies were weighted using the
inverse variance method. We calculated the inconsistency index (I2) to measure
heterogeneity. According to prespecified cut-off values, low heterogeneity was defined
as an 12 < 50%, and high heterogeneity was defined as an 122 50%. For each outcome,
sensitivity analysis was performed by sequentially omitting each study from the
pool; all studies were removed one at a time to analyse their influence on the pooled
estimate and heterogeneity.

To account for potential sources of heterogeneity in the pooled incidence of
polymyxin-induced nephrotoxicity, we performed several subgroup analyses detailed

in the Supplementary Methods. To further investigate potential sources of




heterogeneity for the incidence of polymyxin-induced nephrotoxicity, we conducted
several meta-regressions. In the first step, we performed univariable meta-
regression analyses according to the mean age in each study, sex, study design, sample
size, publication year, geographical location, definition of AKI and risk of bias. A
multivariable meta-regression analysis was then conducted with the factors
significantly associated with polymyxin-induced nephrotoxicity incidence in the
univariable meta-regression analyses.

Publication bias was examined visually with the use of funnel plots and filled
funnel plots and assessed with Egger’s test. When both indicators showed a significant
result, it was assumed that publication bias was present. All statistical analyses were
performed using Stata SE ver. 12.1 (StataCorp., College Station, TX). Statistical tests

were 2-sided, and P < 0.05 was considered statistically significant.

RESULTS
Search results

total of 1,437 results were retrieved from the search. After the removal of duplicates
and title and abstract screening, 176 full texts were assessed for eligibility, and 89
studies V&re included for quantitative synthesis (Supplementary Table S1) [16-104]. The

detailed study selection process is depicted in Figure 1.

Characteristics of the included studies

The characteristics of the included studies are shown in Supplementary Table S2. This
systematic review and meta-analysis included 12, 234 adult critically ill patients
receiving polymyxins, of whom 11,211 were included in the colistin-treated groups and
903 were included in the PMB-treatment groups. All studies were published from 2003
to 2022. Among the included studies, 9 were RCTs [16, 18, 23, 34, 35, 54, 57, 81, 87], 5
were case—control studies[31, 47, 51, 74, 86] and 75 were cohort studies [17, 19-22, 24-30,
32, 33, 36-46, 48-50, 52, 53, 55, 56, 58-73, 75-80,&2-85, 88-104]. The sample sizes per study

ranged from 11 to 4,910 critically ill patients. This systematic review and meta-analysis




included 3 parallel cohort studies that reported outcome measures associated with
colistin and PMB use [62, 76, 80], 2 studies with colistin and PMB use [17, 68], 75 studies
with colistin use alone[16, 18-40, 42-57, 59-61, 64-67, 70-75, 78, 81, 83-99, 101-102, 104]
and 9 studies with PMB use glone [41, 58, 63, 69, 77, 79, 82, 100, 103]. Regarding the
geographical distribution, 35 studies were conducted in Europe, 31 in Asia, 6 in North
America, 6 in South Americg and 4 in Africa. Regarding the definitions of AKI, 38, 10,
and 8 studies relied on the risk, injury, failure, loss of kidney function, and end-stage
kidney disease (RIFLE), Kidney Disease Improving Global Outcomes (KDIGO), and
Acute Kidney Injury Network (AKIN) classification systems, respectively. The rest
adopted self-reported definition of AKI. Only two studies reported median Acute
Physiology and Chronic Health Evaluation (APACHE) II scores [44, 100], whereas 53
studies reported mean APACHE II scores ranging from 11.8 (+ 4.3) 158 to 30.4 (£ 9.5)
[91]. Nineteen studies and 62 studies described age as the median and the mean,
respectively, with agegranging from 40 to 73.8 years. Among the observational studies,
there were 51 studies with a moderate risk of bias, 18 with a high risk of bias and 11
with a low risk of bias (Supplementary Table S3). Among the 9 RCTs, 1 was determined
to have a high risk of bias [23], 7 had an unclear risk of bias [16, 18, 35, 54, 57, 81, 87],
and 1 had a low risk of bias [34] (Supplementary Table S3).

Incidence of polymyxin-induced nephrotoxicity

Across all studies, 4,027 nephrotoxic events in 12,234 critically ill adult patients
receiving polymyxins were analysed. The pooled incidence of overall polymyxin-
induced hrotoxicity reached34.8% (95%CI, 30.8-38.9%, 12 = 95.90%) (Figure 2). In
addition, we did not observe a significant influence of any study on the pooled
estimates or heterogeneity (Supplementary Figure S1) in the sensitivity analyses. We
classified nephrotoxicity into mild and severe (defined as a RIFLE grade of “failure” or
above, AKIN grade of 3 or KDIGO grade of 3 or required renal replacement therapy
[RRT]) groups, and the incidence rates of mild and severe nephrotoxicity were 25.8%

(95%ClI, 21.6-29.9%; I2= 96.80%) and 12.7% (95%CIL, 10.3-15.0%; I> = 89.60%), respectively




(Table 1). In addition, ranking of the criteria used to obtain the AKI incidence indicated
that the KDIGO criteria were the highest-ranked (46.5%; 95%CI, 35.9-57.1%; 12=93.80%),
followed by the RIFLE (39.6%; 95%CI, 33.9-45.4%; 12= 93.80%), AKIN (37.3%; 95%ClI,
27.4-47.3%; 12= 87.40% ) and finally other criteria (21.4%; 95%CI, 15.9-26.9%; 12=94.20%).
Since most studies used the standardized RIFLE criteria, we subsequently performed
subgroup analyses, and the pooled incidence rates of polymyxin-induced
nephrotoxicity classified as ‘risk’, ‘injury’ and “failure’ based on RIFLE criteria were
12.7% (95%ClI, 9.6-15.8%), 12.6% (95%Cl, 10.0-15.2%), and 14.9% (95%CI, 11.1-18.6%),
respectively (Supplementary Table S5).

Moreover, to explore potential sources of heterogeneity, we performed several
subgroup analyses (Table 1). Regarding specific medications, the pooled incidence of
PMB-induced nephrotoxicity was 26.8% lower than that of colistin-induced
nephrotoxicity (35.5%; 95%CI, 31.1-39.8%; I? = 96.1%) without significant difference.
Furthermore, pairwise meta-analysis showed that adult patients treated with_colistin
(42.7%) had a higher incidence of AKI than those treated with PMB (21.3%), but this
difference was not statistically significant (OR = 2.37; 95%CI, 0.62-9.07; P = 0.206)
(Supplementary Figure S2). The nephrotoxicity incidence was higher, but not
significantly, in critically ill adult patients who received a loading dose (39.1%; 95%ClI,
32.1-46.1%; I? = 95.0%) than in those who did not (30.9%; 95%CI, 26.0-35.37%; I> =
95.2%). Subgroup analysis based on dose indicated that the high-dose group (39.5%;
95%ClI, 30.2-48.7%, 12 = 52.0%) had a higher incidence of nephrotoxicity than the low-
dose group (32.4%, 95%CI, 27.8-37.1%; 12 = 96.0%). However, no statistical significance
was observed. In addition, the meta-analysis showed that the incidence of
nephrotoxicity was higher in patients who received twice-daily polymyxin therapy
(42.1%; 95%CI, 35.6-48.5%; 12 = 93.4%) than in patients who received multiple daily
polymyxin therapy (25.1%; 95%ClI, 17.2-33.0%; 12 = 93.9%) (Table 1).

Regarding geographical distribution, the highest pooled incidence of polymyxin-
induced nephrotoxicity was 39.9% in South America, followed by 36.4% in Europe,
32.9% in North America, 34.0% in Asia and 21.5% in Africa (Figure 3 and Table 1). In the




subgroup analysis of age, the overall pooled polymyxin-induced nephrotoxicity
incidence was significantly lower in younger patients (aged < 65 years) than in older
patients (aged > 65 years). In the univariable meta-regression, we found a significant
age trend associated with the incidence of AKI in adults (regression coefficient (Q) = -
0.1427, P = 0.0063) (Table 2 and Supplementary Figure S3). Furthermore, we did not
observe a difference in the nephrotoxicity incidence between males>50% (34.4%; 95% ClI,
29.7-391%; I2 = 96.1%) and males <50% (40.6%; 95%CI, 24.3-56.9%; 12 = 945%) or
between a mean or median APACHE II score = 20 group (38.4%; 95%ClI, 30.7-46.1%; I> =
95.0%) and a score < 20 group (30.5%; 95%CI, 20.9-40.1%; [2=95.8%) .

Subgroup analysis based on publication year showed that the incidence of
nephrotoxicity caused by polymyxins was highest between 2015 and 2022 (42.1%;
95%Cl, 36.5-47.6%; 12= 96.7%), followed by 2010 to 2015 (27.0%; 95%CI, 20.5-33.4%; 12=
93.1%) and before 2010 (13.8%; 95%CI, 8.5-19.2%; I>=44.1%). A significant time trend of
nephrotoxicity incidence with year of study publication was observed in the univariable
meta-regression analysis (regression coefficient (Q) = 0.1337, P < 0.001) (Table 2 and
Supplementary Figure S4). In addition, the nephrotoxicity incidence varied by sample
sizes of the studies (P < 0.001 for subgroup analysis). Smaller studies (<50 participants)
showed the lowest incidence of nephrotoxicity compared to medium (50-100
participants) and large (= 100 participants) studies (Table 1). We excluded the study
with the largest sample size I3l and performed a univariable meta-regression analysis
according to the sample size of the studies. The results showed an association between
the sample size of the studies and the incidence of nephrotoxicity caused by polymyxins
(regression coefficient (Q) = 0.0873, P < 0.001) (Table 2 and Supplementary Figure S5). In
addition, we found that the type of study did not impact the incidence of polymyxin-
associated nephrotoxicity (Table 1). However, the pooled incidence rates of
nephrotoxicity differed significantly among quality subgroups (P = 0.001). The highest
pooled incidence of nephrotoxicity was 41.2% in high-quality studies, followed by
36.3% in moderate-quality studies and 21.5% in low-quality studies (Table 1).

Univariable meta-regression indicated that studies with a higher risk of bias reported




significantly lower rates of polymyxin-induced nephrotoxicity (regression coefficient
(Q) = 0.0966, P = 0.003) (Table 2 and Supplementary Figure S6). Although we performed
subgroup analyse, the heterogeneity of each group remained high. The final
multivariable meta-regression model, which included_the sample sizes of studies,
publication year, study quality and definitions of AKI, was able to explain a significant
proportion of the heterogeneity reported (R? = 40.00%; P = 0.001) (Table 2).

Visual inspection of the funnel plots revealed potential asymmetry for the
incidence of nephrotoxicity caused by polymyxins (Supplementary Figure S7a), with a
significant Egger’s test result (P = 0.001). The trim-and-fill method also showed
significant publication bias for the incidence of polymyxin-induced nephrotoxicity

(Supplementary Figure S7b).

Polymyxin exposure and risk of nephrotoxicity
Twelve studies Compareﬁ nephrotoxicity rates in critically ill adult patients with and
without polymyxin use. Meta-analysis showed that polymyxin therapy was associated
with a higher prevalence of nephrotoxicity than nonpolymyxin therapies (OR = 2.145;
95%CI, 0.997-4.614, I = 74.8%) (Figure 4), but the difference was not statistically
significant. We performed sensitivity analysis and found that the exclusion of Rocco et
al [66], Gounden et al [39] or Garnacho-Montero et al [37] changed the magnitude of the
mmary effect (Supplementary Figure S8). The funnel plots (Supplementary Figure S9)
and Egger's regression asymmetry tests (P = 0.686) suggested that there was no

significant publication bias in this meta-analysis.

Risk factors for polymyxin-induced nephrotoxicity

Given the potential predictors of polymyxin-induced nephrotoxicity (Table 3 and
Supplementary Table S4), older age, the presence of sepsis or septic shock,
hypoalbuminemia, and concomitant use of vancomycin or vasopressors were
independent risk factors for polymyxin-induced nephrotoxicity according to the pooled

OR, RR and HR based on the univariate analyse. In contrast, patients with a high




baseline glomerular filtration rate were 0.883 times less likely to experience

nephrotoxicity associated with polymyxins than those with a low glomerular filtration
rate (OR = 0.883; 95%CI, 0.820-0.952). However, sex, the APACHE II score, diabetes
mellitus, concomitant diuretics, the daily dose of polymyxins and the duration of
polymyxin therapy did_pot influence the risk of polymyxin-induced nephrotoxicity.
Furthermore, older age (OR = 1.035; 95%CI, 1.021-1.050), APACHE II score (OR = 1.031;
95%CI, 1.017-1.045), the use of concomitant vasopressors (OR = 3.099; 95%CI, 1.169-
8.219) and the use of concomitant diuretics (OR = 2.979; 95%CI, 1.290-6.882) were
independent risk factors for polymyxin-induced nephrotoxicity according to the pooled
OR, RR and HR based on the multivariate analysis (Table 3 and Supplementary Table
).

DISCUSSION
Nephrotoxicity due to polymyxin use is a major safety Concerhin clinical practice. In
contrast to other meta-analyses [10, 13], our study did not find that polymyxin therapy
was associated with a higher risk of nephrotoxicity than other therapies (OR = 2.145;
95%ClI, 0.997-4.614) in adult critically ill patients (Figure 4). Antimicrobial drugs, which
are used in at least 70% of critically ill patients [105], include a wide range of
medications that can cause nephrotoxicity, e.g., vancomycin, aminoglycosides,
polymyxins, etc. [106]. I has been shown that earlier administration of appropriate
antimicrobials for sepsis or septic shock can decrease mortality [107], and early use of
PMB-based combination therapy is associated with a significant decrease in mortality
compared with delayed administration [108]. Therefore, polymyxin-based combination
therapy regimens for carbapenem-resistant gram-negative bacterial infections should be
administered early despite the concern about nephrotoxicity in adult critically ill
patients [109-111].

The overall prevalence of polymyxin-induced nephrotoxicity was 34.8% (95%CI,
30.8-38.9%, 12 = 95.9%) in our study, which was slightly lower than that in other meta-

analyses [12, 13]. This result was consistent with other analyses showing that the




nephrotoxicity rate was associated with the definition of nephrotoxicity [11, 13]. The
pooled prevalence of nephrotoxicity using standardized international criteria, such as
the AKIN, KDIGO and RIFLE criteria, was similar, ranging from 37.3% to 46.5% (Table
1), which was similar to that in a previous meta-analysis [10, 13] and may be the true
prevalence of polymyxin-induced nephrotoxicity. Furthermore, we also evaluated the
degree of nephrotoxicity using the RIFLE criteria, which were used by most of the
studies in this meta-analysis. The prevalence of polymyxin-associated nephrotoxicity
classified as failure (F) was 14.9%, higher than the 10% reported in the previous
literature [12] (Supplementary Table S5). This finding indicated that 15 of 100 patients
experienced acute renal failure during polymyxin treatment and developed AKI,
resulting in 67% mortality and a higher risk of death than that in non-AKI patients
[112]. Thus, nephrotoxicity caused by polymyxins and early identification of potential
risk factors should be of great concern among ICU patients.

Among the potential predictors of polymyxin-induced nephrotoxicity, older age,
the presence of sepsis or septic shock, hypoalbuminemia and concomitant vancomycin
or vasopressor use were independent potential risk factors for_polymyxin-associated
AKI among ICU patients. Studies in sepsis patients showed a 2-fold higher risk of
nephrotoxicity (OR = 2114; 95%CI, 1.412-3.164), and patients with concomitant
vasopressor use showed a 3-fold higher risk of nephrotoxicity than that in patients
without sepsis (OR = 3.099; 95%ClI, 1.169-8.219), which indicates that prompt treatment
of sepsis and timely withdrawal of vasoactive drugs may be potential protective factors
against polymyxin-induced nephrotoxicity. Sepsis is the most common aetiology of AKI
in critically ill patients [113, 114]. Multiple pathophysiological pathways of sepsis-
associated AKI have been shown to be involved in the complex mechanism of
polymyxin-induced damage in renal tubular cells [113-115].

Moreover, interactions between polymyxins and the cell membrane are also
responsible for nephrotoxicity due to the amphipathic nature and accumulation of
polymyxins in renal proximal tubular cells [116, 117]. Therefore, nephrotoxicity caused

by polymyxins has been reported to vary with pharmacokinetics and renal disposal




mechanisms. Colistin methane sulfonate (CMS) is a prodrug with approximately 40-
70% of the dose excreted in urine and ongoing conversion to colistin in the kidneys and
bladder [118]. PMB is eliminated mainly by the nonrenal pathway with very low
urinary recovery (approximately 4%) [7]. In our study, the prevalence of colistin-
induced nephrotoxicity (35.5%; 95%ClI, 31.1-39.8%) was slightly higher than that of
PMB-induced nephrotoxicity (26.8%; 95%CI, 17.1-36.4%) without statistical significance
(P = 0.151), similar to previous results [11-13]. Conversely, we found that nephrotoxicity
was significantly increased when the total daily dose was divided into 2 doses but not 3
or 4 doses. Manchandani, P. ef al emphasized that the steady-state trough concentration
(Css trough) and average plasma concentration (Css avg) Were higher in those receiving a
dosing regimen of Q12H than in those receiving a dosing regimen of Q8H [119], which
were confirmed as independent risk factors for nephrotoxicity [120], and it was
demonstrated that a higher baseline estimated glomerular filtration rate was associated
with a reduced risk of AKI (Table 3). This partly explains why hypoalbuminemia was
also a risk factor for polymyxin-induced nephrotoxicity in our and previous meta-
analyses [12]. Zavascki, A.P. ef al indicated that plasma protein binding of PMB was
higher in critically ill patients (ranging from 78.5% to 92.4%) than in healthy
participants (approximately 50%) [121]. Hence, unbound plasma concentrations of PMB
increased, and extensive accumulation of PMB inside tubular epithelial cells may, at
least in part, explain the potential nephrotoxicity in critically ill individuals.
Accordingly, albumin infusion was described to play a potential nephroprotective role
in critically ill patients [122].

In addition, megalin, a crucial endocytic receptor highly expressed in the apical
membranes of proximal renal epithelial cells, has been implicated in contributing to the
nephrotoxicity of polymyxins [123]. Megalin plays a dual role in AKI, initially
mediating nephrotoxins (e.g., polymyxin, vancomycin, aminoglycosides, efc.) in
proximal renal epithelial cells, which induce the development or progression of AKI
and mediate a variety of endogenous substances (e.g., vitamins and proteins, efc.)

involved in AKI recovery [124]. Therefore, we speculated that megalin would be




saturated by a variety of nephrotoxic drugs, such as aminoglycosides, vancomycin, and
other nephrotoxins, leading to insufficient uptake of endogenous nephroprotective
substances and increased nephrotoxicity. This is supported by a previous study in
which polymyxin nephrotoxicity increased with the number of a‘ncomitant
nephrotoxins [13]. In the present meta-analysis, vancomycin exposure significantly
increased the odds of nephrotoxicity (OR = 2.110; 95%CI, 1.190-3.730; P = 0.011).

Some limitations should be considered in the interpretation of the findings of the
current meta-analysis. First, although we established strict inclusion and exclusion
criteria for the literature, our meta-analysis revealed high heterogeneity, which is a
common concern in epidemiological meta-analyses [125] and is consistent with a
previous systematic review that estimated the prevalence of polymyxin-induced
nephrotoxicity in the general population[10-13]. The high between-study variability was
associated with a single cohort in most studies and influenced to a greater extent by
other factors, such as the numbers of enrolled patients, study quality and heterogeneous
nephrotoxicity criteria. Then, we performed subgroup analyses and a meta-regression
analysis to identify potential heterogeneity factors, and the multivariable meta-
regression analysis explained almost 40% of the observed heterogeneity (Table 3).
Moreover, to weaken the effects of diagnostic criteria on outcomes, we explored the
incidence and severity of polymyxin-induced nephrotoxicity using only the RIFLE
criteria, but high heterogeneity remained, in accordance with a previous study [12]. AKI
in critically ill patients is a complicated heterogeneous syndrome [113]; hence,
inconsistency among patient populations was also a potential source of heterogeneity.

Second, to comprehensively evaluate the incidence of polymyxin-associated
nephrotoxicity, we made an effort to include all relevant studies, including not only
studies in ICU patients but also those including subgroups of ICU patients[76, 79, 80,
89, 96, 103] in this analysis. Nevertheless, it is possible that some potentially eligible
studies were nﬁ captured by our search strategy. Third, during the pooled prevalence
meta-analysis, zero-event studies were automatically excluded. Although this strategy

is widely accepted, there is no consensus concerning whether it is the most reliable




methodology, and the effect on pooled estimates is unclear. In addition, considering the
limited data, other potential risk factors for polymya'l-induced nephrotoxicity that we
could not capture may exist. For the above reasons, our findings should be interpreted

with caution, and further studies are required to strengthen our results.

CONCLUSION

In conclusion, the present meta-analysis showed that the prevalence of nephrotoxicity
during polymyxin treatment in the ICU was 34.8%, similar to that in the non-ICU
setting, but the incidence of severe renal injury was higher in ICU patients. Older age
(particularly > 65 years), the presence of sepsis or septic shock, hypoalbuminemia and
concomitant vancomycin or vasopressor use were potential independent predictors of
nephrotoxicity. Furthermore, a dosage regimen of 3 or 4 doses per day and dosage
adjustment of colistin based on the renal baseline estimated glomerular filtration rate
were associated with lower nephrotoxicity rates. Therefore, it is beneficial to adjust

colistin doses in critically ill adult patients with renal impairment.
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Research background
The prevalence of and risk factors for polymyxin-associated nephrotoxicity in intensive

care unit (ICU) adult patients remain unclear.

Research motivation

The incidence of nephrotoxicity among polymyxin-treated patients is common and is
one of the reasons why the use of polymyxins has been restricted. Nevertheless, the
prevalence of and potential risk factors for polymyxin-induced nephrotoxicity in adult
ICU patients are controversial. Therefore, a meta-analysis was carried out to assess the

prevalence of and potential risk factors for polymyxin-induced nephrotoxicity.

Research objectives




This study aimed to meta-analyse reports evaluating the prevalence and potential

predictors of polymyxin-induced nephrotoxicity in adult ICU patients.

éesearch methods

We performed a systematic literature search in PubMed, EMBASE and the Cochrane
Library from inception to May 30, 2022 and included eligible RCTs and observational
studies in a meta-analysis evaluating the prevalence and potential predictors of

polymyxin-induced nephrotoxicity in adult ICU patients.

Research results

The overall pooled incidence of polymyxin-induced nephrotoxicity was 34.8%. Older
age (particularly > 65 years), the presence of sepsis or septic shock, hypoalbuminemia
and concomitant vancomycin or vasopressor use were risk factors for polymyxin-
induced nephrotoxicity. In addition, our findings showed that a dosage regimen of 3 or
4 doses per day and dosage adjustment of colistin based on the renal baseline estimated

glomerular filtration rate were associated with a lower nephrotoxicity rate.

Research conclusions

The incidence of polymyxin-induced nephrotoxicity was high in ICU adult patients.
Patients with older age, the presence of sepsis or septic shock, and a decreased baseline
glomerular filtration rate had a potentially higher risk of polymyxin-induced
nephrotoxicity. A polymyxin dosage regimen of 3 or 4 doses per day, dosage
adjustment of colistin based on the renal baseline estimated glomerular filtration rate,
and avoidance of other nephrotoxic drugs (vancomycin or vasopressors) were helpful

in decreasing the risk of polymyxin-induced nephrotoxicity.

Research perspectives




Exploring alternative treatments in patients with clinical or microbiologic carbapenem-
resistant gram-negative bacterial infection treatment failures is required in the future to

increase treatment efficacy and reduce adverse outcomes.
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