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Abstract

Objectives: Acute kidney injury is common among the critically ill. However, the incidence, medication use, and outcomes
of acute kidney injury have been variably described. We conducted a single-center, retrospective cohort study to examine
the risk factors and correlates associated with acute kidney injury in critically ill adults with a particular focus on medication
class usage.

Methods: We reviewed the electronic medical records of all adult patients admitted to an intensive care unit between |
February and 30 August 2020. Acute kidney injury was defined by the 2012 Kidney Disease: Improving Global Outcomes
guidelines. Data included were demographics, comorbidities, symptoms, laboratory parameters, interventions, and outcomes.
The primary outcome was acute kidney injury incidence. A Least Absolute Shrinkage and Selection Operator regression
model was used to determine risk factors associated with acute kidney injury. Secondary outcomes including acute kidney
injury recovery and intensive care unit mortality were analyzed using a Cox regression model.

Results: Among 226 admitted patients, 108 (47.8%) experienced acute kidney injury. 37 (34.3%), 39 (36.1%), and 32 patients
(29.6%) were classified as acute kidney injury stages I-lll, respectively. Among the recovery and mortality cohorts, analgesics/
sedatives, anti-infectives, and intravenous fluids were significant (p-value < 0.05). The medication classes [V-fluid electrolytes
nutrition (96.7%), gastrointestinal (90.2%), and anti-infectives (81.5%) were associated with an increased odds of developing
acute kidney injury, odd ratios: 1.27, 1.71, and 1.70, respectively. Cox regression analyses revealed a significantly increased
time-varying mortality risk for acute kidney injury-stage lll, hazard ratio: 4.72 (95% confidence interval: [-22.33). In the
recovery cohort, time to acute kidney injury recovery was significantly faster in stage |, hazard ratio: 9.14 (95% confidence
interval: 2.14-39.06) cohort when compared to the stage Il cohort.

Conclusion: Evaluation of vital signs, laboratory, and medication use data may be useful to determine acute kidney injury
risk stratification. The influence of particular medication classes further impacts the risk of developing acute kidney injury,
necessitating the importance of examining pharmacotherapeutic regimens for early recognition of renal impairment and
prevention.
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in kidney function defined as an increase in serum creatinine
(SCr) or a decrease in urine output (UO) for a duration
between 7 and 90days after exposure to an AKlI-causing
event.”® The etiology is complex and routinely multifacto-
rial. Known common risk factors associated with AKI
include diabetes, hypertension, chronic kidney disease
(CKD), cardiovascular, lung, and liver diseases, sepsis and
surgical interventions, as well as exposure to nephrotoxic
medications and diagnostic contrast agents.’~!* Despite the
development of numerous prevention strategies, the most
recent data suggest the incidence of AKI is increasing in the
critically ill population.®

Mortality rates in the ICU can be as high as 50% and incur
upward of $24 billion upon the US health system annu-
ally."*!> During the COVID-19 pandemic, studies have
reported AKI incidence rates as high as 38.4 per 1000
patient-days and in-hospital mortality rates to be 18.9%,
46.2%, and 81.3% among those with AKI stages I-III,
respectively.'®7 In another study of approximately 3100
critically ill COVID-19-infected patients, about 20% experi-
enced AKI requiring renal replacement during their ICU
admission. Among patients who developed AKI, 60%
resulted in hospital-associated mortality.'® However, existing
evidence has not extensively explored medication use and
their impact on AKI incidence, recovery, and outcomes
among critically ill patients.

The Kidney Disease Improving Global Outcomes
(KDIGO) 2012 workgroup classifies AKI into three stages
based on SCr and UO values. AKI is defined within 1 week
after ICU admission as any of the following: increase in SCr
by =0.3 mg/dL within 48 h, or increase in SCrto =1.5 times
baseline within 1week, or urine output<<0.5 mL/kg/hour
for 6 h. Severe AKI is defined as KDIGO stage II or stage 111
AKI (Figure 1(b))."” However, SCr and UO measurements

remain the standard for evaluation, yet are insensitive and
nonspecific markers of AKI and do not account for the etiol-
ogy or duration of the injury. Despite consensus guidelines
for the diagnosis of AKI, discrepancies remain when defin-
ing AKI upon ICU admission.?’ Numerous factors influence
SCr laboratory measurement such as gender, age, muscle
mass, nutritional status, and chronic illness potentially lead-
ing to inaccurate estimation of glomerular filtration rate
(eGFR). Furthermore, UO can be influenced by a myriad of
factors such as effective circulating volume status, hemody-
namic status, and medications that impact urinary excretion.
Despite current AKI staging guidelines being widely
accepted, accuracy of eGFR remains challenging. The
strong and independent relationship between AKI and short-
term mortality is well described among ICU patients.?!
Short-term outcomes of AKI include alterations in acid-base
and electrolyte balance, uremia, and volume overload.?>-?
Long-term consequences of AKI can be equally devastating
and have been associated with acceleration and progression
to CKD and end-stage renal disease (ESRD), resulting in
the need for lifelong dialysis, renal transplantation, and
an exorbitant increase in healthcare expenditures.?®?’
Therefore, there is a critical need to identify high-risk
patients for AKI, the impact of medication use on its inci-
dence, recovery patterns, and clinical outcomes such as mor-
tality, length of stay, and need for mechanical ventilation.

This study aimed (1) to identify clinical characteristics,
correlates, and outcomes of critically ill patients who experi-
enced AKI and (2) to provide insight into the clinical charac-
teristics regarding the incidence, severity, and influence of
medication use on the injury. The primary outcome of AKI
incidence was defined using the KDIGO classification
method. Secondary outcomes analyzed were AKI recovery
and ICU mortality.
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Methods

Ethics approval

Ethical approval for this study was waived by Roger Williams
Medical Center, IRB: 00000058 and The University of
Rhode Island, IRB: 00000599 because of the retrospective,
de-identified nature of the data. Informed consent was not
sought for the present study because of the nature of the de-
identified data.

Study design and setting

This retrospective, single-center cohort study was conducted
using electronic health records (EHRs) data from a 220-bed
acute care, community teaching hospital in Providence,
Rhode Island, USA.

Participants

A total of 231 patients were considered for inclusion in the
study. All adult patients admitted to the ICU between 1
February 2020, and 30 August 2020, were included if they
met the following criteria: = 18 years of age and admission
to the ICU > 24 h. Three patients were removed as they were
considered long-term care patients and extreme outliers (>4
standard deviations of ICU length of stay). Patients with a
history of renal replacement therapy, kidney transplantation,
or missing clinical information data upon enrollment were
excluded (Figure 1(a)). Active COVID-19 illness was con-
firmed by a positive nucleic acid amplification test (NAAT)
result.?$?° After exclusion, 226 patients were included in the
final analysis.

Data sources and exposures

A range of factors were investigated to determine the risk of
AKI including patient demographics, chronic conditions,
vital signs, laboratory measures, and medication class usage.
Demographic measures included were age, sex, BMI, ethnic-
ity, and race. Vital signs data such as, systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean arterial pres-
sure (MAP), heart rate (HR), respiratory rate (RR), and tem-
perature measurements, were calculated by averaging for the
first 2 days of admission. Laboratory values such as electro-
lytes, complete blood cell counts, arterial blood gasses,
hepatic, and kidney function values were included. Severity
of illness was assessed using the Acute Physiology and
Chronic Health Evaluation (APACHE II) score based on the
poorest variables recorded during the first 24 h of ICU
admission. All severity of illness scoring tools (i.e. APACHE
II and Glasgow Coma Scale (GCS)) were calculated using
their respective formulas and reported as a numerical
value.?*3! A complete list and description of variables are
provided in Supplementary Table 1.

AKI definition and recovery

AKI status was determined by evaluating both SCr- and
UO-based methods based on the KDIGO classification scor-
ing system (Figure 1(b)). In all cases, baseline SCr levels
were defined as the first observed SCr reported. The first
measurement of UO was excluded due to missing values in
the EHR upon ICU admission. We have included the first
available value of UO as a reference. Both SCr and UO
criteria were used for AKI classification.*

AKI recovery was defined using UO- and SCr-based
methods. In reviewing SCr criteria, if a patient was dis-
charged from the hospital without AKI, they were classified
as recovered. In reviewing UO criteria, due to the high vari-
ability in measurement, if a patient was discharged from the
hospital without meeting AKI classification in the last 24 h
of hospitalization, they were classified as recovered.

Statistical analysis

Descriptive statistics are presented as percentages for cate-
gorical variables, and medians (interquartile ranges (IQRs))
for continuous variables. The independent ¢-test, Chi-square
test, or Fishers exact test was used to explore statistically
significant relationships between independent and depend-
ent variables. A p-value <0.05 was considered statistically
significant. Fisher’s exact test was used to identify signifi-
cant differences between each condition receiving a specific
class of medication. Hereafter, control patients refer to those
who did not meet criteria for AKI classification. We applied
a Least Absolute Shrinkage and Selection Operator (LASSO)
regression model to identify risk factors for the development
of AKI during ICU admission. The LASSO regression can
be interpreted as a penalized logistic regression, in that it
enables a sharp penalty to the regression coefficients and
allows for variable selection. Furthermore, it reduces model
complexity and prevents overfitting. Odds ratios (ORs) were
presented for each corresponding variable.

The Kaplan—Meier method was used to conduct survival
modeling for AKI recovery and ICU mortality over time
according to AKI staging. In the analysis, we observed viola-
tions of two statistical assumptions of the Cox proportional
hazard model: (1) time-invariant hazards and (2) multiple
competing outcomes (i.e. worsening condition, AKI recov-
ery, and mortality). To address these statistical violations, we
modeled the cause-specific hazards of recovery and mortal-
ity as a function of AKI as well as other demographic predic-
tors. Schoenfeld residual analysis was utilized to determine
time-varying variables. Cause-specific hazards (risk of event
per time unit change) provided statistically valid measure-
ments for competing outcomes (i.e. recovery and mortality).
A competing risk is an event that either hinders the observed
event of interest or modifies the chance of occurrence. In our
analysis, we did not separate the COVID-19-infected cohort
due to the small mortality sample size (n=1).** To examine
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the survival functions of nonparametric data, stacked cumu-
lative incidence functions were used in place of Kaplan—
Meier curves to provide a comparison of cumulative
probability of recovery and mortality over time according to
different AKI staging cohorts.>* The details of the improved
models are located in the Supplementary File. The risk of
AKI recovery and mortality was reported using a hazard rate
(HR) and the risk of event per time unit change is presented
as tt (variable of interest). Statistical analyses were con-
ducted using R statistical software.’* Time to event models
were processed using the survival package in R.3

Results

Clinical characteristics of AKI and non-AKI
patients

AKI was identified in 47.8%, among them, 37 patients
(34.3%) were classified as stage I AKI, 39 patients (36.1%),
and 32 patients (29.6%) were classified as stages II and III,
respectively. The mortality rate was 13.7%, and among those
who died 51% had AKI. Thirty-three patients (30.6%) recov-
ered from the AKI event. Baseline demographic, physiologi-
cal status, and comorbidities were compared to those who
developed AKI and those who did not. Patients who devel-
oped AKI had a significantly higher BMI 30.8 (24.1-36.5),
SCr 1.8 (0.8-2.1), PT 22.2 (13.4-26.6), INR 2.2 (1.3-2.7),
RR 20.8 (16.5-24), as well as higher prevalence of lactic
acidosis (39.8%) and hypo-osmolality or hyponatremia
(41.7%) (Table 1). AKI patients had significantly lower
eGFR 58.8 (27.8-88.2) and GCS 11.7 (9—15). AKI patients
had significantly higher APACHE II severity scores upon
ICU admission, 16.6 (11.0-22.1), longer LOS with mean
132 (102-162 h), and time on mechanical ventilation
(TOMV) with mean 62 (36—88 h) compared to the non-AKI
cohort. Patients with COVID-19 infection and AKI had sig-
nificantly longer LOS with mean 288 (148-428 h) and
TOMYV with mean 231 (99-363 h) when compared to non-
infected AKI patients (Table 2).

The LASSO model identified 13 predictors associated
with higher odds of experiencing AKI including BMI (OR:
1.01), hypo-osmolality and hyponatremia comorbidities
(OR: 2.34), and COVID-19 infection (OR: 1.31) (Table 3).

Medication class influence on AKI

In the AKI cohort, the use of anti-infective agents, vancomy-
cin, and piperacillin/tazobactam were implicated in approxi-
mately double (23% and 27% versus 12% and 14%) the
incidence of AKI when compared to the non-AKI cohort. In
addition, we observed that the use of meropenem was fre-
quently (15%) administered within the AKI cohort. Notably,
use of albumin (27%), calcium gluconate (18%), fentanyl
(18%), and midazolam (15%) were administered only in the
AKI cohort (Supplementary Table 2). Interestingly, we found

different medication classes were associated with a higher
risk of AKI, including analgesics/sedatives (OR: 1.27), anti-
infectives (OR: 1.71), diuretics (OR: 1.66), and gastrointes-
tinal agents (OR: 1.70) (Table 3).

Significant differences between medication classes and
the occurrence of AKI were found. Greater proportions of
patients who were given anti-infectives, diuretics, endocrine,
paralytic, pulmonary, and vasopressor agents had persistent
AKI (Table 4). Among the recovery group, the most fre-
quently used medication classes were analgesics/sedatives
(93.5%), anti-infectives (90.3%), GI agents (90.3%), hema-
tologic/anticoagulants (90.3%), intravenous fluids, electro-
lytes, and nutritional support agents (100%). Among the
mortality group, the most frequently used medication classes
were analgesics/sedatives (100%), anti-infectives (100%),
endocrines (100%), intravenous fluids, electrolytes, nutri-
tional support, and vasopressors agents (100%).

The most frequently administered medications in the
other class were as follows: iohexol (10%), diphenhydramine
(8%), diatrizoate meglumine/diatrizoate sodium (4%), tocili-
zumab (4%), guaifenesin (4%), allopurinol (3%), nicotine
(2%), and loratadine (3%).

AKI recovery and mortality modeling

AKI status over time, outcomes of recovery, and mortality
were considered in the survival models. Figure 2 demon-
strates the probability of survival by AKI staging. Survival
was similar for all patients at any AKI stage and in the
non-AKI cohort until 10 days. However, due to competing
outcomes (i.e. patients may experience recovery, worsen-
ing of condition, or mortality), a single-outcome method
application is not valid, yet it is shown for demonstration
(Figure 2). Notably, the Kaplan—Meier curve and log-rank
statistic of survival cannot capture significant differences
in the survival model in part due to multiple outcomes and
nonproportionality.

Therefore, the use of a stacked cumulative incidence
function serves as a nonparametric comparison of cause-
specific hazard. These were modeled for each AKI condition
and reveal major differences by AKI staging in both recov-
ery and mortality. Regarding mortality outcomes, patients
who experienced AKI stage III had the highest hazard and
cumulative incidence (Figure 3(a)). The cumulative inci-
dence function for mortality demonstrates that control
patients have high mortality upon ICU admission (<3 days)
and plateau in terms of hazard (Figure 3(a)). Most notably,
the opposite is true among severe AKI cases.

The Cox model was used to investigate predictors of
cause-specific hazard for mortality. In the mortality model,
examination of Schoenfeld residuals demonstrated signifi-
cant time-varying effects and thus nonproportionality for
AKI stage III patients (Figure 3(b)). Therefore, a log-linear
time-varying effect for these variables was incorporated into
the final model. Furthermore, mortality analysis using Cox
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Table I. Clinical characteristics in non-AKI, AKI groups, and all patient cohorts.
Measure Non-AKI (N=118) AKI (N=108) All patients (N=226) p-value
Demographics
Age (years) 63.9 (53.2-75.8) 63.0 (52-78) 63.5 (53-76.8) 0.674
BMI (kg/m?) 28.0 (23.4-31.2) 30.8 (24.1-36.5) 29.4 (23.7-32.6) 0.02
Gender M/F (%) 67 (53.8)/34 (33.6) 58 (53.7)/67 (66.4) 125 (55.3)/101 (44.7) 0.452
Ethnicity
White 82 (69.5) 69 (63.9) I51 (66.8) 0.495
Black 8 (6.8) I1(10.2) 19 (8.4) >0.999
Hispanic I1(9.3) 10 (9.3) 21 (9.3) >0.999
Asian 2(1.7) 1 (0.9) 3 (1.3) 0.305
Scoring
eGFR (mL/min/1.73m?) 70.7 (45-94) 58.8 (27.8-88.2) 64.9 (36.5-92) 0.011
APACHE Il 13.9 (9.1-17) 16.6 (11-22.1) 15.23 (10-20.5) 0.009
GCS 13.2 (13-15) 1.7 (9-15) 12.5 (11-15) 0.002
Laboratories
WBC (X 10%/mL) 12.1 (7.6-14.6) 1.1 (6.9-14.1) 1.7 (7.3-14.5) 0.32
Hgb (g/dL) 10 (8.5-11.4) 10 (8.5-11.6) 10 (8.5-11.4) 0.947
Hct (%) 31.3 (27.2-35.7) 31.7 (27-36.2) 31.5 (27.2-35.8) 0.721
Platelets (X 103/mL) 210.8 (147.8-261) 200.3 (123.2-257.2) 206.1 (140.8-258) 0.52
Na (mEq/L) 136.6 (135-139) 136.2 (133-139) 136.4 (134-139) 0.607
K (mEq/L) 4.0 (3.64.3) 4.2 (3.745) 4.1 3.64.4) 0.211
Cl (mg/dL) 103.5 (101-108) 104.0 (100-108) 103.8 (101-108) 0.698
CO, (mEq/L) 23.4 (21-26.2) 22.6 (18.6-25.8) 23.0 (20-26) 0.367
BUN (mg/dL) 25.7 (12-30) 31.0 (15.2-41.8) 28.2 (13-34) 0.104
SCr (mg/dL) 1.3 (0.7-1.4) 1.8 (0.8-2.1) 1.5 (0.8-1.7) 0.007
Glucose (mg/dL) 184.3 (112-199) 177.5 (116.2-199.8) 181.1 (113.2-199.5) 0.703
Ca (mg/dL) 8.1 (7.6-8.5) 8.1 (7.6-8.7) 8.1 (7.6-8.7) 0.864
Mg (mg/dL) 1.9 (1.7-2.2) 1.9 (1.6-2.2) 1.9 (1.6-2.2) 0.949
PO4 (mg/dL) 3.6 (2.7-3.9) 4.1 (34.7) 3.9 (2.842) 0.312
Lactate (U/L) 4.6 (1.4-5) 4.9 (1.9-7.1) 4.8 (1.6-6.2) 0.789
PT (seconds) 14.3 (11.5-15.5) 222 (13.4-26.6) 182 (11.8-18.2) 0.014
INR 1.4 (1.1-1.5) 2.2 (1.3-2.7) 1.8 (1.2-1.8) 0.01
pH 7.3 (7.3-7.4) 7.3 (7.2-7.4) 7.3 (7.2-7.4) 0.222
PaCO, (mm Hg) 40.2 (29-45) 42.8 (33-48.2) 41.6 (3346) 0.508
PaO, (mm Hg) 113.8 (64-113) 116.0 (71.4-134.8) 115.0 (67.5-129) 0917
HCO, (mEq/L) 20.8 (16.5-24.4) 20.9 (15.5-24.6) 20.9 (16.5-24.4) 0.927
Albumin (g/L) 2.9 (2.5-3.3) 2.9 (2.5-3.3) 2.9 (2.5-3.3) 0.981
Total bilirubin (mg/dL) 1.2 (0.4-1) 1.8 (0.6-1.7) 1.4 (0.5-1.4) 0.283
Vitals
SBP (mm Hg) 120.6 (107.9-132.5) 117.0 (102.7-128.4) 118.9 (103.9-130.8) 0.186
DBP (mm Hg) 69.6 (61.3-80) 69.1 (60-78.4) 69.4 (60.4-79) 0.762
MAP (mm Hg) 86.7 (77.1-96.2) 85.1 (74.2-94.1) 85.9 (75.8-95.5) 0.429
HR (beats/min) 89.5 (79.2-100.3) 92.2 (79.4-102.9) 90.8 (79.4-101.8) 0.258
RR (breaths/min) 18.8 (16.4-21) 20.8 (16.5-24) 19.8 (16.4-22) 0.002
Temperature (°C) 98.1 (97.5-98.7) 98.1 (97.5-98.6) 98.1 (97.5-98.7) 0.985
SaO, (mm Hg) 96.7 (95.5-98.6) 96.4 (95-98.3) 96.6 (95-98.5) 0.536
Comorbidities (n %)
Hypertension 45 (38.1) 34 (31.5) 79 (35.0) 0.364
Lactic Acidosis 30 (25.4) 43 (39.8) 73 (323) 0.03
Hypo-osmolality and hyponatremia 20 (16.9) 45 (41.7) 65 (28.8) <0.001
Myocardial infarction 23 (19.5) 34 (31.5) 57 (25.2) 0.055
Sepsis 24 (20.3) 33 (30.6) 57 (25.2) 0.107

AKI: acute kidney injury; BMI: body mass index; BUN: blood urea nitrogen; CO,: serum bicarbonate level; eGFR: estimated glomerular filtration rate; GCS:
Glasgow Coma Scale; INR: international normalized ratio; K: serum potassium level; PO,: serum phosphate level; PT: prothrombin time; RR: respiratory
rate; SBP: systolic blood pressure; SCr: serum creatinine; WBC: total white blood cell count. Data presented as n (%) or median [interquartile range].
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Table 2. Count (N), mortality (%), mean time on mechanical ventilation in hours (IQR) and ICU in hours (IQR) for AKI, COVID

infected and AKI, and non-AKI patients.

Condition AKI COVID infected and AKI p-value Non-AKI AKI p-value
(N=92) (N=16) (N=118) (N=108)

Mortality 15 (16.3) I (6.2) 0.449 15 (12.7) 16 (14.8) 0.357

TOMV 33 (21-45) 231 (99-363) 0.009 6 (2-10) 62 (36-88) <0.001

ICU LOS 105 (83-127) 288 (148—428) 0.021 37 (31-43) 132 (102-162) <0.001

AKI: acute kidney injury; COVID: coronavirus disease; ICU: intensive care unit; LOS: length of stay; TOMV: time on mechanical ventilation.

Table 3. Coefficients and OR of predictors of AKI classification, selected by LASSO regression.

Variable Coefficient OR
BMI 0.01 1.0l
Analgesics, sedatives 0.23 1.27
Anti-infectives 0.53 1.71
Diuretics 0.50 1.66
Endocrine 0.15 1.17
Gastrointestinal agents 0.53 1.70
Hematologic anticoagulants 0.12 1.13
Other 0.01 1.01
Paralytics 0.09 1.1

Pulmonary agents 0.074 1.08
Vitamins, iron supplements 0.30 1.35
Hypo-osmolality/hyponatremia 0.85 2.34
COVID-19 positive 0.27 1.31

AKI: acute kidney injury; BMI: body mass index; COVID: coronavirus disease; OR: odds ratio.

Table 4. Medication classification association with AKI persistence, recovery, and mortality.

Medication classes (%) Recovery (N=31) Persistent AKI (N=62) Mortality (N=15) p-value

Analgesics sedatives 29 (93.5) 54 (87.1) 15 (100) 0.373
Anti-infectives 28 (90.3) 46 (74.2) 15 (100) 0.021
Cardiovascular agents 24 (77.4) 43 (69.4) 8 (53.3) 0.261

Diuretics 19 (61.3) 18 (29) 12 (80) <0.001
Endocrine 24 (77.4) 42 (67.7) 15 (100) 0.019
Gastrointestinal agents 28 (90.3) 55 (88.7) 15 (100) 0.569
Genitourinary 2 (6.5) 8 (12.9) 0 (0) 0.373
Hematologic anticoagulants 28 (90.3) 52 (83.9) 15 (100) 0.234
IV-fluid, electrolytes, nutrition 31 (100) 59 (95.2) 15 (100) 0.713
Paralytic agents 4 (12.9) 3 (48 4 (26.7) 0.04

Psychiatric agents 22 (71) 33 (53.2) 9 (60) 0.281

Pulmonary agents 19 (61.3) 26 (41.9) 11 (73.3) 0.046
Vasopressors 12 (38.7) 17 (27.4) 15 (100) <0.001
Vitamins and iron supplements 17 (54.8) 21 (33.9) 8 (53.3) 0.105
Others 17 (54.8) 22 (35.5) 13 (86.7) 0.001

p-values presented from Fisher's exact test; () number of patients (%).
AKI: acute kidney injury.

regression repeatedly incorporates time-varying hazards for
AKI stage III patients, thus allowing potentially nonpropor-
tional hazards with time (Figure 3(a)). Results revealed a
significant increase in hazard HR: 4.72(95% CI: 1.0-22.33)
for AKI stage III patients, which resulted in a significantly

higher mortality hazard when compared to milder AKI stages
and those without AKI (Table 5, Figure 3(c)). The mortality
hazard was significant and proportional to GCS and BMI.
Forward selection of the model revealed that COVID-19-
infected patients with AKI stage I were significantly
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Figure 2. Kaplan—Meier survival curves for mortality based upon
AKI status (non-AKI, stages |, II, and IlI).

associated with mortality (HR: 16.77). Furthermore, we
found medication classes such as analgesics/sedatives, intra-
venous fluids, electrolytes, nutritional, psychiatric, and vaso-
pressors agents were significantly (p <0.05) associated with
mortality (Supplementary Table 3).

An analogous model evaluating AKI recovery was per-
formed incorporating the addition of dialysis treatment as a
predictor, as well as time-varying effects for AKI stages |
and II and COVID-19 infection, thus allowing potentially
nonproportional hazards with time (Figure 4(a)). Examination
of Schoenfeld residuals of the mortality model revealed sig-
nificant time-varying effects and thus nonproportionality for
COVID-19 and AKI stages I and III (Figure 4(b)). Results
revealed a significant increase in HR: 9.14 (95% CI: 2.14—
39.06) for AKI stage I, which resulted in a faster recovery
hazard when compared to severe AKI patients (Table 4,
Figure 4(c)).

Forward model selection in predicting AKI recovery
revealed that among all medication classes administered,
diuretics and other medications were selected and significant
(Supplementary Table 4). Diuretics were positively associ-
ated with recovery, whereas other medications were associ-
ated with reduced recovery.

Discussion
Summary of key findings

In the present study, we evaluated the incidence of AKI, cor-
relates, recovery, and mortality. Of the 226 enrolled patients,
47.8% developed AKI based upon the KDIGO (combined)

SCr and UO criteria. The incidence of AKI stages I-11I were
34.3%, 36.1%, and 29.6%, respectively. AKI patients had
significantly higher ICU LOS and TOMV. We found medica-
tion classes such as analgesics/sedatives, anti-infectives,
gastrointestinal agents, and diuretics were associated with
the increased risk of developing AKI. Furthermore, our
improved statistical (cause-specific hazard) modeling con-
firmed AKI stage III patients had a higher risk of mortality.

Context in association with the published
literature

We opted to combine both SCr and UO metrics from KDIGO
for the identification of AKI as using only one parameter (i.e.
SCr or UO) would risk underestimating the true incidence of
AKI.3738 Historically, AKI classification among the criti-
cally ill has been challenging and inconsistent. The unifying
of the previous definitions from Risk, Injury, Failure, Loss,
End-stage renal disease (RIFLE) and Acute Kidney Injury
Network (AKIN), in 2012 with the KDIGO consensus guide-
lines assists with the diagnosis of AKI, yet does not proffer
pathophysiological mechanisms as to why AKI occurs.?>%
However, the diagnosis of AKI based on SCr and the rise
and/or fall in UO are not renal-specific measures and have
important limitations. SCr is a commonly delayed and insen-
sitive biomarker of changes in kidney function and does not
differentiate structural kidney damage and functional hemo-
dynamic triggers and can be altered by a variety of factors
including underestimation due to changes in the volume of
distribution and loss of muscle mass in critically ill
patients.*!—* UO measurement or calculation can also be
falsely interpreted due to changes in circulating intravascular
volume, obesity, use of diuretics, or represent a physiologi-
cal renal adaptation (i.e. antidiuresis and antinatriuresis) to
maintain the body volume and/or electrolytes homeostasis.*
In the absence of evaluating newer serum biomarkers (i.e.
serum cystatin C, a-GST a glutathione S-transferase, AAP
alanine aminopeptidase, and alkaline phosphatase), combin-
ing SCr and UO metrics further supports earlier identifica-
tion of AKI in the critically ill setting 3343

To investigate the mortality hazard, we employed an
improved method where we considered multiple competing
outcomes in the Cox regressions model. We found that
patients with AKI who were in stage III had a higher hazard
of mortality (Table 5) when compared to milder AKI stages
and patients without AKI. Considering multiple competing
outcomes, survival analysis is appropriate for this nonpro-
portional data. As previously, multiple outcomes are consid-
ered competitive hazards when using survival modeling and
have the potential to mathematically alter the relationship
between the hazard functions (instantaneous failure rate) and
the survival function (defining probability of survival up to a
given time).***’ However, our refined models fit both the
cause-specific hazards for mortality and recovery rather than
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Figure 3. (a) Stacked cumulative incidence functions of AKI mortality for non-AKI, stage |, stage Il, and stage Il AKI cases.
(b) Schoenfeld residuals (black points) for AKI stage lll, fit over time, and fit with a third-order polynomial function for visualization
(solid blue line: mean, gray shading: 95% ClI). (c) Modeled cause-specific mortality hazards over time for all AKI conditions.

Table 5. Cox regression model of the risk factors associated with ICU mortality.

Feature HR (95% ClI) p-value
White 0.83 (0.29-2.39) 0.73
Hispanic 0.84 (0.24-2.91) 0.78
Age 1.02 (0.99-1.05) 0.33
BMI 0.94 (0.89-0.99) 0.02
GCS 0.80 (0.73-0.88) <0.001
Gender 0.78 (0.35-1.73) 0.534
COVID 0.73 (0.09-6.20) 0.77
AKI_Stage | 1.70 (0.55-5.24) 0.35
AKI_Stage Il 0.28 (0.07-1.11) 0.06
AKI_Stage Il 0.15 (0.01-1.68) 0.12
tt (AKI_Stage IlI) 4.72 (1.0-22.3) 0.046
COVID: AKI_Stage | 1.387 (0.06-31.53) 0.83
COVID: AKI_Stage Il 1.323 (0.06-30.0) 0.86
COVID: AKI_Stage IlI 0.05 (0.001-1.56) 0.08

BMI: body mass index; Cl: confidence interval; GCS: Glasgow Coma Scale; HR: hazard ratio.
Coefficients, standard error (SE), and p-value for the Cox hazards model of mortality. tt(Stage Ill) represents the time transfer function (tt) of AKI Stage
Ill, COVID; that is the linear change in the effect of stages | and Il and COVID over log-time.
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Figure 4. (a) Stacked cumulative incidence functions of AKI recovery for stage |, stage Il, and stage Ill AKI cases. (b) Schoenfeld
residuals (black points) for AKI Stage lll, fit over time, and fit with a third-order polynomial function for visualization (solid line: mean,
gray shading: 95% ClI). (c) Modeled cause-specific AKI recovery hazards over time for all AKI conditions.

survival directly. The cause-specific hazards were stated due
to the 1:1 relationship between hazard and survival being
lost in competitive hazard cases.’3*7 Conversely, patients in
stage I had higher rates of recovery compared to patients
with severe AKI (Table 6).

When reviewing the specific details of medication use
among AKI patients, we found that higher mortality was
exhibited among those administered vasopressors and
“other” medications while lower mortality was seen for sed-
atives and psychiatric agents. However, diuretics and IV flu-
ids were positively associated with recovery. Furthermore,
consistent with published literature, patients receiving diu-
retics and gastrointestinal agents are associated with higher
incidence of AKI.*-%3 Of particular interest, the use of anti-
infectives (i.e. vancomycin, piperacillin/tazobactam, and
meropenem) as monotherapy or in combination increased
the likelihood of experiencing AKI in the ICU.***° Finally, in

our findings, albumin was notably used only within the AKI
cohort. However, published studies have varied regarding
the correlation of albumin use and increased incidence of
AKI.56’57

The main strengths of the study include (1) granular details
of the vitals (every 2 h), laboratory indices (every 6 h), and
any prescribed medications, dosage, route of administration,
route of interval, and duration during the ICU stay; (2) rigor-
ous application of the KDIGO definition and classification
in diagnosing AKI, (i.e. using both SCr and UO) with clini-
cally determined baseline creatinine levels; and (3) detailed
medication use data provided unique insights related to medi-
cation use among AKI patients, which are not explored in
previously published works.

Our study is not without limitations. First, the retrospec-
tive nature of the EHR chart review and the limited sample
size expose the risk of missing data which may contribute to
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Table 6. Cox regression model of the risk factors associated with AKI recovery.

Feature Coefficient SE HR (95% Cl) p-value
White -0.40 0.39 0.67 (0.31-1.48) 0.31
Hispanic -0.56 0.5 0.57 (0.21-1.56) 0.27
Age -0.02 0.0l 0.99 (0.97-1.01) 0.15
BMI -0.01 0.02 0.99 (0.96-1.03) 0.71
GCs 0 0.04 1 (0.92-1.10) 0.1
Gender -0.39 0.34 0.68 (0.34-1.35) 0.26
COVID-19 -1.42 1.22 0.24 (0.02-2.77) 0.25
tt(AKI_Stage I) -0.13 0.68 0.88 (0.22-3.44) 0.84
tt(AKI_Stage II) 1.45 0.91 4.24 (0.69-25.92) 0.11
AKI_Stage | 221 0.73 9.14 (2.14-39.06) 0.002
AKI_Stage Il -0.611 1.04 0.54 (0.07-4.36) 0.56
tt(COVID) 0.53 1.13 1.69 (0.178-16.17) 0.64
Dialysis -18.31 4733.73 0 (0-Inf) 0.1
COVID: tt(AKI_ Stage I) -2.24 1.49 0.11 (0.005-2.08) 0.13
COVID: tt(AKI_Stage II) -1.01 1.39 0.36 (0.02-5.83) 0.45
COVID: AKI_Stage llI 1.28 1.90 3.59 (0.08-163.53) 0.50

BMI: body mass index; Cl: confidence interval; COVID: coronavirus disease; GCS: Glasgow Coma Scale; HR: hazard ratio; SE: standard error.
Coefficients, standard error (SE), and p-value for the Cox hazards model of recovery. tt(Stage |) and tt(Stage Il), tt(COVID) represent the time transfer
function (tt) of stage I, stage Il, COVID; that is the linear change in the effect of stages | and Il and COVID over log-time. The terms COVID: tt(Stage),
represent the interaction term of COVID status and time transfer of Stage | and 2 AKI status.

confounding bias. Second, the use of SCr level as a bio-
marker for estimating renal function and the potential incon-
sistent documentation of diuresis measurements found
within the electronic health records may lend to inaccurate
urine output measurement and application of the AKI,
KDIGO criterion. As previously stated, SCr measurement
typically lags behind the establishment of renal injury,
hence likely delaying AKI diagnosis. Third, high false-pos-
itive rates for AKI may have occurred due to impaired
patient pre-ICU admission intravascular volume status.
Fourth, baseline SCr measurement upon ICU admission
may not accurately reflect the patient’s true baseline and
may over or underestimate the incidence of AKI in the criti-
cal care setting. Fifth, we do not exclude the influence of
commonly associated clinical conditions as contributing
factors to AKI (i.e. persistent hypotension, prior nephro-
toxic medication use, or exposure to contrast dye agents
prior to ICU admission). Sixth, we could not collect all con-
founders influencing the outcomes. In particular, the medi-
cations found to be significant in the descriptive analysis
and Lasso model needs to be further investigated with addi-
tional future data. Therefore, the results may be subject to
residual and unmeasured confounders. Finally, due to a
small sample size of COVID-19-infected patients (n=20),
we did not design our study to compare between COVID-19
infected with AKI and non-AKI cohorts.

Implications for clinicians

This innovative methodologic study confirms traditionally
identified risk factors and investigates the influence of

medications as they relate to AKI incidence, recovery, and
outcomes. Clinical implications of our findings suggest the
need for continued vigilant, proactive monitoring, and early
recognition of AKI to minimize further insult and delayed
renal recovery. Medication class use and their influence on
AKI further warrants careful examination of all combined
medications to cautiously select each agent weighing their
risk versus benefit and their respective influence on AKI out-
comes. Furthermore, this study will aid critical care phar-
macy practitioners in their pursuit of improving safe
medication use by not only considering the therapeutic class
risk of kidney injury but importantly avoiding the combined
use of particular agents in the complex comorbid health con-
ditions to avoid further kidney injury. Finally, our research
confirms the time-varying effect among different AKI stages
relating to mortality and recovery using a novel methodo-
logical approach.

Conclusion

In conclusion, we found that AKI incidence in the critical
care unit remains extremely high and is associated with
poorer outcomes. Commonly implicated AKI medication
classes, diuretics, anti-infectives, and vasopressor agents
were also strongly correlated to increasing the incidence of
AKI. However, a direct cause and effect relationship
between medication class and incidence or severity of AKI
cannot be established. Furthermore, the influence of phar-
macotherapy in the occurrence of AKI further supports the
need for early identification or avoidance of potential
nephrotoxic agents and combinations. Continued vigilant
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monitoring is warranted to prevent renal insufficiency, min-
imize progression, and reduce mortality risk.
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