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Abstract
Objectives Hospitalized neonates are often treated with nephrotoxic medications, a known risk factor for acute kidney injury 
(AKI). Nephrotoxic medications and AKI, especially in periviable neonates, could be detrimental to nephrogenesis. Our 
objectives were to evaluate the prevalence of neonatal treatment with nephrotoxic medications and its relationship with AKI 
in in the first 28 days of life, and to delineate the associated demographics and diagnoses.
Study design Multicenter retrospective analysis using the national Pediatric Hospital Information System database, including 
49 pediatric hospitals. Neonates admitted within the first two postnatal days were included. Treatment with 37 nephrotoxic 
medications across demographics and clinical variables, and relationship with AKI were evaluated. AKI was determined by 
using the International Classification of Diseases codes.
Results Of 192,229 neonates, 74% were treated with at least one nephrotoxic medication. Incidence of AKI was significantly 
higher in the treated group (aRR 3.68 [95% CI: 2.85, 4.75]). The aRRs of treatment were increased in infants born < 32-week, 
and < 2000 g. Nephrotoxic medications were prescribed to 90–95% of  neonates born ≤ 28-week gestational age. Most treat-
ments (95–98%) occurred in the first 3 days. Intravascular aminoglycosides were the most frequent type; 28% of neonates 
were treated for ≥ 4 calendar days. Most common diagnoses were infections (25%) and patent ductus arteriosus (20%).
Conclusions Neonatal treatment with nephrotoxic medications is common, especially among the smallest, most immature 
preterm neonates and demonstrates a need for initiatives to reduce neonatal exposure to these agents, when feasible. Across 
all gestational age categories, the prevalence of AKI is higher in the neonates treated with nephrotoxic drugs. The long-term 
effects of treatment with nephrotoxic medications and subsequent AKI on nephrogenesis and nephron endowment will need 
to be evaluated.
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Introduction

Nephrotoxic medications (NMs) are frequently used dur-
ing the management of hospitalized neonates and are asso-
ciated with increased risk of acute kidney injury (AKI) 
[1–5]. AKI is an abrupt reduction in kidney function that 
acutely leads to abnormal fluid and electrolyte homeostasis 
[6, 7]. AKI in hospitalized, critically ill neonates, is inde-
pendently associated with increased morbidity and mor-
tality [6] and may lead to future development of chronic 
kidney disease (CKD) [7–10].

Although other researchers have documented asso-
ciations between increased use of nephrotoxic medica-
tions and AKI in hospitalized infants [1–5], the prevalence 
and patterns of treatment with nephrotoxic medications 
for specific neonatal populations and diagnoses is under-
reported. Most prior investigations were limited to single 
centers. In one institution, exposure to nephrotoxic medi-
cations in very low birth weight (VLBW) neonates and 
infants was estimated at 78% and associated with neonatal 
AKI [1]. A recent study from a level IV Neonatal intensive 
care unit (NICU) showed that treatment with nephrotoxic 
medications occurred in 16.4 per 1000 patient-days and of 
those 31% developed AKI [2]. The collection and report-
ing of these data are essential to clinical neonatal AKI 
prevention efforts.

Therefore, we designed a multi-center retrospective 
study using the national Pediatric Hospital Informa-
tion System (PHIS) database to characterize treatment 
with nephrotoxic medications in neonates admitted to 
the NICU. The objectives of our study were to identify 
the prevalence and patterns of nephrotoxic medication 
exposure in neonates in the first 28 postnatal days and to 
delineate the demographic characteristics and diagnoses 
of treated infants. We also aimed to study the relationship 
of nephrotoxic medications to neonatal AKI in hospital-
ized neonates.

Materials and methods

Data source

The Pediatric Hospital Information System (PHIS) data-
base, maintained by the Children’s Hospital Association 
(Lenexa, KS), contains administrative, billing, and clinical 
data including patient demographics, diagnoses, medica-
tions, and procedures from member United States (U.S.) 
children’s hospitals. Recorded data for patients in 49 
NICUs from 49 U.S. children’s hospitals were included in 
this analysis. Demographic variables, diagnoses, and daily 

drug-specific nephrotoxic medication administration were 
determined from each hospital’s daily charge records as 
listed in PHIS. The Nationwide Children’s Hospital Insti-
tutional Review Board determined that this preexisting de-
identified data was not human subject research.

Patient selection and study variables

We conducted a multicenter, retrospective study using the 
PHIS database. Included neonates met the following crite-
ria: admitted to the NICU at ≤ two days old with a recorded 
gestational age and birthweight and discharged between 
January 2005 and June 2016. Patient demographics included 
sex, race, ethnicity, gestational age, and birthweight. We 
chose to include race/ethnicity in our models because dis-
parate outcomes, which may vary based on study start time 
(time zero) in the perinatal/neonatal period, have been 
reported [11–13]. Discharge years were classified into three 
groups: 2005–2008, 2009–2012 and 2013–2016. Patients 
were classified into six categories by gestational age: ≤ 24, 
25–28, 29–32, 33–34, 35–36, and ≥ 37 weeks and also by 
birthweight: < 750, 750–999, 1000–1499, 1500–1999, 
2000–2499, and ≥ 2500 g (g). Extremely low birthweight 
(ELBW) was defined as < 1000 g. Our list of nephrotoxic 
medications  was selected in accordance with the Baby 
NINJA study [2]. From that list there were 37 nephrotoxic 
medications in PHIS during the study period. We grouped 
these 37 medications into 9 categories: non-steroidal anti-
inflammatory drugs (NSAIDs), intravenous aminoglyco-
sides, antivirals, anticonvulsants, angiotensin converting 
enzyme inhibitors (ACEi), vancomycin, other antibiotics, 
amphotericin B and others, eTable 1. Nephrotoxic medica-
tion exposure was defined as administration of at least one 
nephrotoxic medication within the first 28 days of life. High-
risk exposure to nephrotoxic medications was defined as ≥ 4 
consecutive calendar days of intravenous aminoglycosides 
or ≥ 3 nephrotoxic medications in 24 h. We chose ≥ 4 con-
secutive calendar days of intravenous aminoglycosides to 
minimize counting short courses of aminoglycosides that 
are usually empirically prescribed to neonates for 24–72 h 
while sepsis is ruled out. Fluid intake and output data as 
well as laboratory values were not available in the database, 
therefore AKI was defined using International Classification 
of Diseases (ICD)-9 and 10 codes. Associated diagnoses and 
comorbidities were selected using the ICD-9 and 10 codes 
and included AKI, infections, seizures, patent ductus arte-
riosus (PDA) and congenital heart disease (CHD), eTable2.

Statistical methods

Treatment frequency patterns were determined using basic 
univariate analysis. Comparisons between demographic 
characteristics and treatment exposure were measured 
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with Pearson chi-squared tests. We estimated multivari-
able adjusted relative risks (aRRs) using modified Poisson 
regressions with a robust error variance and within-hospital 
clustering. This method was used in two separate models to 
both measure the associations between treatment status and 
AKI among neonates diagnosed with clinical risk factors, 
and to evaluate clinical and demographic factors associ-
ated with nephrotoxic medication exposure. Models were 
adjusted using gestational age birthweight, race, Hispanic 
ethnicity, sex, and 5-min Apgar scores as covariates. Analy-
ses were conducted using Stata 16.1 (StataCorp, College 
Station, TX).

Results

Treatment with nephrotoxic medications 
is extremely common in hospitalized neonates

During the study period, 250, 962 neonates were admit-
ted to the NICU, of which 192,229 met inclusion criteria. 
Of these neonates, 142,409 (74%) were treated with one 
or more nephrotoxic medications in the first 28 postnatal 
days, eFigure 1. In this cohort, 75% of males and 71% of 
females received one or more nephrotoxic medications. Use 
of nephrotoxic medications increased with decreasing birth-
weight and gestational age. The demographic characteristics 
per treatment groups are outlined in Table 1.

Treatment with nephrotoxic medications is most 
common in neonates with extreme prematurity 
and extremely low birthweight

Within the different gestational age and birthweight cat-
egories, the neonates with the lowest gestational ages (≤ 24 
and 25–28 weeks; 9 and 95%, respectively) and the small-
est birthweight (< 1000 g, Extremely low birthweight, 92%) 
were those most frequently treated with nephrotoxic medica-
tions. Frequency of treatment with nephrotoxic medications 
among different gestational age and birthweight categories 
is shown in eFigure 2.

Nephrotoxic medication categories and exposure 
patterns

Aminoglycosides were the most commonly administered 
nephrotoxic medication both in the entire cohort and across 
all gestational age categories. Aminoglycosides were fol-
lowed by NSAIDs, vancomycin, and other antibiotics and 
antivirals depending on gestational age, Table 2.

Neonates were most commonly treated with nephro-
toxic medications in the first 3 postnatal days both in the 

entire cohort and across gestational age categories, rang-
ing from 95 to 98%, with a gradual decrease over the next 
2–4 weeks. Treatment with ≥ 4 calendar days of amino-
glycosides was the most common high-risk exposure pat-
tern in the entire cohort (28%) and across all gestational 
age categories (18–33%), Table 2.

Table 1  Demographic characteristics by nephrotoxic medication 
treatment group

Percentages were derived using N as the denominator

Infant characteristics Nephrotoxic exposure
N = 142,409 (%)

No 
nephrotoxic 
exposure
N = 49,820 
(%)

Sex
 Male 82,136 (58) 27,307 (55)
 Female 60,207 (42) 22,452 (45)
 Missing 66 (0.1) 61 (0.1)

Race
 White 69,097 (48) 25,657 (51)
 Black 16,261 (11) 5344 (11)
 Asian 3702 (3) 1325 (3)
 Multiracial 896 (1) 351 (1)
 Other* 15,600 (11) 7140 (14)
 Missing 36,853 (26) 10,003 (20)

Ethnicity
 Hispanic/Latino 22,922 (16) 7661 (16)
 Non-Hispanic/Latino 77,086 (54) 29,615 (59)
 Missing 42,401 (30) 12,544 (25)

Gestational age (weeks)
  ≤ 24 weeks (n = 3930, 2%) 3542 (3) 388 (1)
 25–28 weeks (n = 12,124, 

6%)
11,487 (8) 637 (1)

 29–32 weeks (n = 20,888, 
11%)

17,824 (12) 3064 (6)

 33–34 weeks (n = 24,498, 
13%)

17,853 (13) 6645 (13)

 35–36 weeks (n = 25,163, 
13%)

17,735 (12) 7428 (15)

  ≥ 37 weeks (n = 105,626, 
55%)

73,968 (52) 31,658 (64)

Birth weight (grams)
  < 750 (n = 5815, 3%) 5322 (4) 493 (1)
 750–999 (n = 6539, 3%) 6112 (4) 427 (1)
 1000–1499 (n = 13,689, 7%) 11,763 (8) 1926 (4)
 1500–1999 (n = 19,193, 

10%)
14,352 (10) 4841 (10)

 2000–2499 (n = 22,819, 
12%)

16,595 (12) 6224 (12)

  ≥ 2500 (n = 124,174, 65%) 88,265 (62) 35,909 (72)
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Table 2  Nephrotoxic medication categories by gestational age and postnatal day

Percentages were derived using N as the denominator
Percentages are shown in italics

Medication category Exposed Cohort
N = 142,409 (%)

 ≤ 24 weeks
N = 3542 (%)

25–28 weeks 
N = 11,487 (%)

29–32 weeks 
N = 17,824 (%)

33–34 weeks 
N = 17,853 (%)

35–36 weeks
 N = 17,735 (%)

 ≥ 37 weeks
N = 73,968 (%)

Medication category
 NSAID 10,628 (8) 2207 (62) 5574 (49) 1612 (9) 288 (2) 226 (1) 731

(1)
 Aminoglycoside 124,206 (87) 3276 (93) 10,841 (94) 16,523 (93) 16,032 (90) 15,682 (88) 61,852 (84)
 Amphotericin B 1668 (1) 419 (12) 426 (4) 145 (1) 90 (1) 93 (1) 495

(1)
 Antiviral 7012 (5) 82 (2) 258 (2) 391 (2) 388 (2) 600 (3) 5,293

(7)
 Antibiotic 32,383 (23) 1716 (49) 3655 (32) 3094 (17) 2830 (16) 3346 (19) 17,742 (24)
 Anticonvulsant 117 (0.1) 0 0 1 2 9 (0.1) 105

(0.1)
 ACE Inhibitor 2,443 (2) 1 17 (0.2) 50 (0.3) 118 (1) 204 (1) 2,053

(3)
 Vancomycin 23,642 (17) 1971 (56) 5001 (44) 2831 (16) 1464 (8) 2011 (11) 10,364 (14)
 Other 1267 (1) 59 (2) 118 (1.0) 83 (1) 82 (1) 109 (1) 816

(1)
Postnatal day
 1–3 136,877 (96) 3463 (98) 11,148 (97) 17,242 (97) 17,383 (97) 17,235 (97) 70,406 (95)
 4–6 57,631 (41) 2215 (63) 6500 (57) 5664 (32) 4586 (26) 6539 (37) 32,127 (43)
 7–13 39,745 (28) 2214 (63) 5823 (51) 4241 (24) 2892 (16) 4060 (23) 20,515 (28)
 14–20 19,422 (14) 1829 (52) 4476 (39) 2537 (14) 1305 (7) 1488 (8) 7,787

(11)
 21–28 15,056 (11) 1460 (41) 3872 (34) 2140 (12) 988 (6) 1138 (6) 5,458

(7)
High-risk exposure pat-

terns
  ≥ 3 nephrotoxic medica-

tions in 24 h
1233 (1) 137 (4) 254 (2) 130 (1) 73 (0.4) 101 (1) 538

(1)
  ≥ 4 days of intravenous 

aminoglycoside
34,85 (28) 720 (22) 2890 (27) 3336 (20) 2826 (18) 4655 (30) 20,425 (33)

Table 3  Frequencies of associated diagnoses by gestational age

Percentages were derived using N as the denominator; AKI Acute Kidney Injury, PDA Patent Ductus Arteriosus
Percentages are shown in italics

Associated diagnoses Total Cohort
N = 192,229 (%)

 ≤ 24 
weeks
N = 3930 (%)

25–28 weeks 
N = 12,124 (%)

29–32 weeks 
N = 20,888 (%)

33–34 weeks 
N = 24,498 (%)

35–36 weeks 
N = 25,163 (%)

 ≥ 37 weeks 
N = 105,626 (%)

Infections 47,283 (25) 2387 (61) 6292 (52) 6127 (29) 4646 (19) 5014 (20) 22,817 (22)
Patent ductus arteriosus 37,449 (20) 2204 (56) 6169 (51) 4133 (20) 2395 (10) 3293 (13) 19,255 (18)
Seizures 7835 (4) 321 (8) 377 (3) 272 (1) 260 (1) 568 (2) 6037 (6)
Congenital heart disease 24,872 (13) 331 (8) 1735 (14) 2788 (13) 2348 (10) 2877 (11) 14,793 (14)
AKI 3879 (2) 362 (9) 490 (4) 323 (2) 287 (1) 376 (2) 2041 (2)
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Infections and PDA are the most common diagnoses 
associated with nephrotoxic exposures

Nephrotoxic medications are prescribed to treat several con-
ditions in neonates admitted to the NICU. In this cohort, 
infections and patent ductus arteriosus were the most preva-
lent diagnoses in the entire cohort and across gestational age 
categories, constituting 25% and 20% of treated neonates, 
respectively. Infections and patent ductus arteriosus were 
followed by either AKI, seizures or congenital heart dis-
ease depending on gestational age, Table 3.

AKI is more common in neonates treated 
with nephrotoxic medications

The overall prevalence of neonatal AKI in the entire cohort 
was 2% and highest in neonates born ≤ 24 weeks (9%). Neo-
nates who were treated with nephrotoxic medications were 
more likely to develop AKI during their hospital stay than 
those who were never treated (3 vs 1%). The prevalence of 
AKI in neonates with high-risk diagnoses was significantly 
higher in neonates treated with nephrotoxic medications than 
in those who were not treated: infections (4% vs 2%), pat-
ent ductus arteriosus (6% vs 2%), seizures (8% vs 5%), and 
congenital heart disease (4% vs 1%), Table 4.

When we adjusted for other risk-factors with our multi-
variable model, the aRRs for AKI were increased in neonates 
treated with nephrotoxic medications both within the entire 
cohort and for infants with high-risk diagnoses, Table 4.

Factors associated with elevated adjusted relative 
risks of treatment with nephrotoxic medication

The multivariable aRRs for treatment with any nephro-
toxic medication were highest in ≤ 32-weeks gestational 

age preterm neonates (highest in 25–28 weeks) and those 
born < 2000  g (highest in < 1000  g). Similarly, neo-
nates < 29 weeks GA and < 1500 g had significant proba-
bility of treatment with ≥ 3 NMs in 24 hours. The aRRs for 
treatment with ≥ 4 calendar days of aminoglycosides were 
significantly reduced in neonates with 29–36 weeks of ges-
tational age and ≥ 1500 g birthweight, Table 5.

No significant difference in aRR of ever having been 
treated with nephrotoxic medications was noted across 
racial and ethnic categories. Administration  of ≥ 3 
nephrotoxic medications in 24 h was lower in Black rela-
tive to White neonates. Neonates of Hispanic ethnicity 
had a higher adjusted probability of treatment with ≥ 3 
nephrotoxic medications in 24  h, relative to non-His-
panic neonates. Females were less likely to have ever 
been treated with nephrotoxic medications and to have 
received ≥ 4-days of aminoglycosides compared to males.

The adjusted risks of treatment with any nephro-
toxic medication and ≥ 4 days of aminoglycosides were 
significantly higher in the years 2005–2012 (highest in 
2005–2008) compared to 2013–2016.

Neonates with infections, patent ductus arteriosus, 
seizures, congenital heart disease and AKI all had an 
increased adjusted risk of ever being treated with nephro-
toxic medications and of receiving ≥ 3 nephrotoxic medi-
cations in 24 h. Among these diagnoses, infections were 
associated with the greatest adjusted probability risk of 
receiving ≥ 3 nephrotoxic medications in 24 h or ≥ 4 cal-
endar days of aminoglycosides. The multivariate aRRs of 
treatment with nephrotoxic medications by demographics 
and clinical diagnoses are shown in Table 5.

Table 4  Multivariable adjusted 
relative risks of AKI among 
neonates with clinical risk 
factors

Covariates: gestational age, birth weight, race, ethnicity, sex, 5-min Apgar scores, and discharge year. 
ARRs in bold when p < 0.05
AKI Acute Kidney Injury, ARR  Adjusted Relative Risk, PDA Patent Ductus Arteriosus

Diagnoses Nephrotoxic medica-
tion exposure

AKI No AKI ARR [95% CI]

Total Cohort  + 3606 (3) 138,803 (97) 3.68 [2.85, 4.75]
− 273 (1) 49,547 (99)

Infections  + 1850 (4) 42,548 (96) 2.13 [1.30, 3.50]
− 56 (2) 2829 (98)

Patent ductus arteriosus  + 1978 (6) 29,741 (94) 3.23 [2.39, 4.35]
− 115 (2) 5615 (98)

Seizures  + 610 (8) 6703 (92) 1.27 [0.82, 1.98]
− 28 (5) 494 (95)

Congenital heart disease  + 791 (4) 18,803 (96) 3.50 [2.28, 5.38]
− 47 (1) 5231 (99)
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Discussion

When we evaluated treatment with nephrotoxic medica-
tions in the first 28 postnatal days and the relationship with 
neonatal AKI in neonates admitted to the NICU using a 
national cohort from the Pediatric Hospital Information Sys-
tem (PHIS), we found that 74% of all hospitalized neonates 
were treated with at least one nephrotoxic medication in the 
first 28 postnatal days. A key finding was that the smallest 

and most immature neonates, who were born at gestational 
age ≤ 28 weeks or < 1000 g, were the most likely to be 
exposed to one or more nephrotoxic medication with treat-
ment ranging from 90 to 95%. Aminoglycosides were the 
most commonly prescribed nephrotoxic medications across 
all gestational age categories, followed by vancomycin, 
other nephrotoxic antibiotics, and NSAIDs. Most treatments 
with nephrotoxic medications occurred in the first 3 post-
natal days (85–98%) and the proportion of treated infants 

Table 5  Multivariable adjusted 
relative risks of treatment with 
nephrotoxic medication by 
demographic and clinical risk 
factors

Covariates: gestational age, birth weight, race, ethnicity, sex, 5-min Apgar scores, and discharge year. 
Birthweight aRRs were obtained by creating separate models replacing gestational age with birthweight to 
avoid collinearity. Statistically significant findings (p < 0.05) are shown in bold font

Variables Ever received nephro-
toxic treatment

 ≥ 3 nephrotoxic medica-
tions in 24 h
aRR [95% CI]

 ≥ 4 days of IV 
aminoglycosides

Gestational Age (weeks)
  ≤ 24 weeks 1.22 [1.12, 1.33] 5.67 [3.90, 8.25] 0.69 [0.34, 1.41]
 25–28 weeks 1.34 [1.27, 1.42] 3.95 [2.76, 5.64] 0.95 [0.62, 1.46]
 29–32 weeks 1.24 [1.19, 1.30] 1.14 [0.81, 1.61] 0.68 [0.54, 0.87]
 33–34 weeks 1.06 [0.99, 1.13] 0.69 [0.46, 1.02] 0.49 [0.36, 0.66]
 35–36 weeks 0.98 [0.90, 1.05] 0.92 [0.66, 1.28] 0.86 [0.76, 0.98]
  ≥ 37 weeks Reference Reference Reference

Birth Weight (grams)
  ≤ 750 1.24 [1.16, 1.33] 6.14 [4.29, 8.79] 0.83 [0.45, 1.55]
 750–999 1.30 [1.24, 1.37] 3.83 [2.65, 5.55] 0.98 [0.60, 1.58]
 1000–1499 1.22 [1.17, 1.27] 2.03 [1.39, 2.94] 0.79 [0.61, 1.02]
 1500–1999 1.06 [1.01, 1.12] 0.89 [0.64, 1.23] 0.58 [0.45, 0.74]
 2000–2499 1.03 [0.98, 1.09] 0.85 [0.60, 1.20] 0.65 [0.53, 0.80]
  ≥ 2500 Reference Reference Reference

Race
 White Reference Reference Reference
 Black 0.99 [0.96, 1.03] 0.73 [0.54, 0.99] 1.08 [0.89, 1.29]
 Asian 1.04 [0.99, 1.10] 0.60 [0.32, 1.13] 1.02 [0.66, 1.57]
 Multiracial 1.05 [0.98, 1.13] 0.75 [0.24, 2.31] 0.68 [0.40, 1.13]
 Other 0.91 [0.81, 1.03] 0.87 [0.54, 1.40] 0.90 [0.74, 1.10]

Ethnicity
 Hispanic/Latino 1.04 [0.94, 1.14] 1.42 [1.02, 1.96] 1.08 [0.81, 1.45]
 Non-Hispanic/Latino Reference Reference Reference

Sex
 Female 0.96 [0.95, 0.97] 0.91 [0.76, 1.09] 0.93 [0.90, 0.97]
 Male Reference Reference Reference

Discharge Year
 2005–2008 1.17 [1.08, 1.27] 3.13 [2.03, 4.83] 2.82 [1.89, 4.21]
 2009–2012 1.07 [1.00, 1.13] 1.41 [1.09, 1.82] 1.78 [1.41, 2.24]
 2013–2016 Reference Reference Reference

Major comorbidities
 Infections 1.34 [1.28, 1.41] 3.33 [2.51, 4.40] 3.57 [2.96, 4.31]

Patent ductus arteriosus 1.11 [1.05, 1.16] 2.72 [2.09, 3.55] 1.43 [1.25, 1.65]
 Seizures 1.26 [1.21, 1.31] 2.17 [1.62, 2.91] 0.91 [0.78, 1.07]
 Congenital heart disease 1.06 [1.02, 1.10] 1.89 [1.51, 2.35] 1.38 [1.25, 1.53]
 AKI 1.19 [1.15, 1.24] 3.22 [2.40, 4.31] 0.90 [0.74, 1.09]
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remained above 30% throughout the 28 postnatal days in 
neonates born at ≤ 28 weeks. Infections and patent ductus 
arteriosus were the diagnoses most commonly associated 
with having ever received a nephrotoxic medication, both 
within the entire cohort and across all gestational ages. The 
aRR of having an AKI diagnosis was significantly higher in 
neonates treated with nephrotoxic medications compared to 
those who were not treated. To our knowledge, this is the 
first study to identify nephrotoxic medication exposure pat-
terns by medication type across demographics and clinical 
diagnoses in neonates admitted to the Children’s Hospital 
NICUs across the United States.

We found that 92–95% of neonates with birth-
weight < 1000 g and gestational age ≤ 28 weeks were treated 
with nephrotoxic medications. Our findings are compara-
ble to a previous cohort study involving 107 very low birth 
weight infants, that reported exposure to ≥ one nephrotoxic 
medication in 87% of patients and association with AKI [1]. 
We also found that high-risk nephrotoxic medication expo-
sure, namely ≥ 4 calendar days of aminoglycosides, occurred 
in 28% of neonates overall and 22–33% of neonates when 
stratified by gestational age Neonatal empiric treatment with 
IV aminoglycosides to rule out sepsis in the first few post-
natal days vary significantly among institutions. It has been 
shown that using clinical judgment in addition to implement-
ing local sepsis risk scoring systems could result in reduced 
exposure to nephrotoxic medications without increasing the 
risk of sepsis [14, 15]. High-risk exposure to nephrotoxic 
medications (≥ 4 calendar days of aminoglycosides and/
or ≥ 3 nephrotoxic medications in 24 h) was evaluated in 
a quality improvement fashion in a level IV NICU and was 
found to occur in 16.4 per 1000-patient days. In that cohort, 
25% of patients with high nephrotoxic medication exposure 
developed AKI [2].

Our findings of high nephrotoxic medication use in neo-
nates, and especially our finding that the most fragile and 
immature, extremely low birth weight preterm neonates are 
the most likely group to be prescribed nephrotoxic medi-
cations, are important because treatment with nephrotoxic 
medication is a preventable risk factor that is known to be 
associated with the development of neonatal AKI [1–5]. 
Neonatal AKI is a common comorbidity in hospitalized neo-
nates, diagnosed by changes in serum creatinine concentra-
tions and urine output as outlined by the Kidney Disease: 
Improving Global Outcomes [KDIGO] criteria [6]. Neonatal 
AKI occurs in up to 48% of critically ill neonates and is 
associated with short-term morbidities and increased neona-
tal mortality [6]. Exposure to nephrotoxic medications and 
resultant AKI, especially in extremely preterm infants who 
are in active nephrogenesis, might affect nephron endow-
ment and lead to long-term risk of developing CKD [7–10]. 
Currently, there is no effective treatment for CKD, and 
management strategies focus on AKI prevention including 

reducing nephrotoxic medication exposure when feasible. In 
their recent study evaluating combined nephrotoxic medica-
tions and AKI, Salerno et al. found an association between 
exposure to the combination of gentamicin and indometha-
cin with neonatal AKI [5]. Downes et al. reported increased 
neonatal AKI incidence in neonates who received ≥ 2 
nephrotoxic medications concomitantly during treatment 
with acyclovir [16]. Furthermore, Barhight et al. evaluated 
the association between treatment with nephrotoxic medica-
tions and AKI in preterm and low birth weight infants and 
reported that AKI occurred in 9% of infants treated with 
nephrotoxic medications [17]. The reported incidence of 
AKI in the latter study is higher than what we observed 
(3%) in our group treated with nephrotoxic medications. One 
potential explanation is that Barhight et al. used KDIGO 
serum creatinine criteria to identify AKI in their cohort 
while we used ICD codes. ICD codes rely on provider rec-
ognition and documentation of AKI which could have under-
estimated the true neonatal AKI prevalence in our cohort, as 
reported in previous studies [18, 19].

The adjusted probability of treatment with any nephro-
toxic medication was similar between racial and ethnic 
groups. We found that the probability of treatment with ≥ 3 
nephrotoxic medications in 24 h was lower in Black neonates 
compared to White, and higher in Hispanic compared to 
non-Hispanic. The significance and future implications of 
these findings are to be studied. Race, being a social con-
struct does not affect biological outcomes, however racial 
disparities in neonatal health outcomes have been previously 
reported [11–13, 20–22] including in neonatal AKI [23].

The probability of treatment with ≥ 4 days of aminogly-
cosides was not high in neonates with AKI. This could be 
due to under-recognition of AKI [18, 19], close serum cre-
atinine monitoring in neonates who received several days 
of aminoglycosides, which has been reported to decrease 
nephrotoxic medication-associated AKI [2, 24], close moni-
toring of aminoglycoside trough and peak levels during the 
treatment course [2, 24, 25] or because aminoglycosides 
may have likely been switched to a less nephrotoxic regi-
men within days when AKI was initially discovered. The 
decrease in neonatal treatment with nephrotoxic medications 
and with ≥ 4 days of aminoglycosides in the recent years 
could be due to recent efforts to reduce infant exposure to 
nephrotoxic medications [2].

Strengths of our study include both using a national 
database with a large sample size of neonates across gesta-
tional ages and birthweights, which is likely generalizable 
to most US Children’s Hospital NICUs and likely to those 
in other developed countries, and screening a wide range 
of classes and types of nephrotoxic medications. Pediatric 
Hospital Information System (PHIS) provides daily medi-
cation exposures for each infant. One limitation is that, 
unfortunately laboratory and daily fluid intake and output 
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data to identify AKI by either changes in serum creatinine 
and/or urine output as outlined by KDIGO were not avail-
able. Prior research has shown that neonatal AKI is under-
reported in the hospital encounter diagnoses, problem lists 
and hospital charges [18, 19] and therefore we speculate 
that using PHIS and relying on ICD codes for neonatal 
AKI identification likely resulted in selection bias in the 
form of underestimation of neonatal AKI in our cohort. In 
the presence of more sensitive diagnoses of AKI via closer 
monitoring of kidney function by clinicians and/or with 
more sensitive AKI biomarkers, the associated prevalence 
of AKI in neonates treated with nephrotoxic medications 
is likely higher than we were able to detect. A second 
limitation is that we did not exclude infants diagnosed with 
significant congenital anomalies of the kidney and urinary 
tract from our analysis. The inclusion of these patients is 
unlikely to change our central findings, i.e., of an associa-
tion between nephrotoxic medication use and AKI, or of 
increased nephrotoxic medication use in neonates who are 
born at  a gestational age≤ 28 weeks and/or < 1000 g since 
survival with clinically significant anomalies is thought to 
be rare in extremely preterm infants. Another limitation is 
due to the observational nature of our investigation—we 
were able to identify associations between use of nephro-
toxic medications and AKI, which may not be a causative 
relationship. Medication doses were not available in PHIS 
and there is likely a significant variation in dosing among 
NICUs [25–27]. Even tertiary references provide different 
recommendations [28–30]. NSAID exposures including 
treatment with prophylactic indomethacin and NSAID   
shortly after birth and for patent ductus arteriosus typically 
follow standard dosing patterns per FDA-labeling and as 
used in large, randomized trials [31–38]. Additional stud-
ies are needed to evaluate the pharmacokinetics of medica-
tions to minimize adverse drug effects while maintaining 
efficacy especially in extremely premature neonates.

This study, inclusive of 192,229 neonates as recorded 
in a large national U.S. database, underscores the frequent 
use of nephrotoxic medications in neonates admitted to the 
NICU and the association of nephrotoxic medications with 
neonatal AKI. It shows the wide prevalence of treatment 
with nephrotoxic medications in a high-risk population 
and subsequent development of AKI. The most vulnerable 
neonates who are born at gestational age ≤ 28 weeks and/
or < 1000 g who have the most immature kidneys and are 
in active nephrogenesis were the most likely to be treated 
with nephrotoxic medications. This demonstrates the need 
for quality improvement initiatives to reduce  exposure 
to nephrotoxic medications in these fragile neonates, when 
feasible. Additionally, the long-term sequelae of treatment 
with nephrotoxic medications mediated by subsequent AKI, 
on nephrogenesis and nephron endowment will need to be 
evaluated in future studies.
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