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Objective: To reduce bilateral delayed-onset progressive sensory 
permanent hearing loss using a systems-wide quality improve-
ment project with adherence to best practice for the administra-
tion of furosemide.
Design: Prospective cohort study with regular audiologic follow-
up assessment of survivors both before and after a 2007–2008 
quality improvement practice change.
Setting: The referral center in Western Canada for complex car-
diac surgery, with comprehensive multidisciplinary follow-up by 
the Complex Pediatric Therapies Follow-up Program.
Patients: All consecutive patients having single-ventricle palliative 
cardiac surgery at age 6 weeks old or younger.
Interventions: A 2007–2008 quality improvement practice 
change consisted of a Parenteral Drug Monograph revision indi-
cating slow IV administration of furosemide, an educational pro-
gram, and an evaluation.
Measurements and Main Results: The outcome measure was the 
prevalence of permanent hearing loss by 4 years old. Firth multiple 
logistic regression compared pre (1996–2008) to post (2008–2012) 
practice change occurrence of permanent hearing loss, adjusting 
for confounding variables, including all hospital days, extracorporeal 
membrane oxygenation, cardiopulmonary bypass time, age at first 
surgery, dialysis, and sepsis. From 1996 to 2012, 259 infants had 
single-ventricle palliative surgery at age 6 weeks old or younger, with 
173 (64%) surviving to age 4 years. Of survivors, 106 (61%) were 
male, age at surgery was 11.6 days (9.0 d), and total hospitalization 
days by age 4 years were 64 (42); 18 (10%) had cardiopulmonary 
resuscitation and 38 (22%) had sepsis at any time. All 173 (100%) 
had 4-year follow-up. Pre- to postpractice change permanent hearing 
loss dropped from 17/100 (17%) to 0/73 (0%) of survivors. On Firth 
multiple logistic regression, the only variable statistically associated 
with permanent hearing loss was the pre- to postpractice change time 
period (odds ratio, 0.03; 95% CI, 0–0.35; p = 0.001).

1Department of Pediatrics, Division of Developmental Pediatrics,  University 
of Alberta, Edmonton, AB, Canada.

2Department of Pediatrics, Division of Developmental Pediatrics, Glenrose 
Rehabilitation Hospital, Edmonton, AB, Canada.

3Department of Audiology, Glenrose Rehabilitation Hospital, Edmonton, 
AB, Canada.

4Department of Pharmacy, Stollery Children’s Hospital, Edmonton, AB, 
Canada.

5Department of Pediatrics, Division of Pediatric Critical Care, Stollery 
 Children’s Hospital and University of Alberta, Edmonton, AB, Canada.

6Department of Pediatrics, Section of Neonatology, University of Calgary, 
Calgary, AB, Canada.

7School of Public Health, University of Alberta, Edmonton, AB, Canada.
8Department of Surgery, Stollery Children’s Hospital, Edmonton, AB, 
Canada.

Drs. Robertson and Bork, Ms. Bond, and Drs. Hendson, Rebeyka, Gar-
cia Guerra, and Joffe made substantial contributions to conception and 
design of the work. Dr. Robertson and Ms. Bond made substantial con-
tributions to acquisition of the data. Drs. Robertson and Dinu, and Ms. 
Khodayari Moez made substantial contributions to analysis of the data. 
All authors made substantial contributions to interpretation of the data. 
Dr. Robertson drafted the first version of the article. All authors revised 
the article critically for important intellectual content. All authors had final 
approval of the version to be published. All authors agree to be account-
able for all aspects of the work in ensuring that questions related to the 
accuracy or integrity of any part of the work are appropriately investigated 
and resolved. Drs. Robertson and Joffe take responsibility for the integrity 
of the work as a whole, from inception to published article. Drs. Robertson 
and Dinu had full access to all the data in the study and take responsibility 
for the integrity of the data and the accuracy of the data analysis.

Supplemental digital content is available for this article. Direct URL citations 
appear in the printed text and are provided in the HTML and PDF versions of 
this article on the journal’s website (http://journals.lww.com/pccmjournal).

Supported, in part, by Alberta Health; Stollery Children’s Hospital; 
Women and Children’s Health Research Institute, University of Alberta; 
and Glenrose Rehabilitation Hospital Research Trust, Edmonton, AB, 
Canada. These funding agencies had no role in the design and conduct of 
the study; collection, management, analysis, and interpretation of the data; 
preparation, review, or approval of the manuscript; or decision to submit 
the manuscript for publication.

Dr. Joffe’s institution received funding from Women and Children’s Health 
Research Institute, Glenrose Rehabilitation Hospital Research Trust, and 
Alberta Health. The remaining authors have disclosed that they do not 
have any potential conflicts of interest.

Copyright © 2018 by the Society of Critical Care Medicine and the World 
Federation of Pediatric Intensive and Critical Care Societies

DOI: 10.1097/PCC.0000000000001807

Avoiding Furosemide Ototoxicity Associated  
With Single-Ventricle Repair in Young Infants

Charlene M. T. Robertson, MD1,2; Karin T. Bork, MSc, AuD3; Gerda Tawfik, BSc (Pharm)4;  

Gwen Y. Bond, MN2,5; Leonora Hendson, MD, MSc6; Irina A. Dinu, PhD (Biostatistics)7;  

Elham Khodayari Moez, MSc (Epidemiology)7; Ivan M. Rebeyka, MD8;  

Gonzalo Garcia Guerra, MD, MSc5; Ari R. Joffe, MD5

mailto:ari.joffe@ahs.ca
http://journals.lww.com/pccmjournal


Copyright © 2018 by the Society of Critical Care Medicine and the World Federation of Pediatric Intensive and Critical Care Societies.
Unauthorized reproduction of this article is prohibited

Robertson et al

2 www.pccmjournal.org XXX 2018 • Volume XX • Number XXX

Conclusions: A practice change to ensure slow IV administration 
of furosemide eliminated permanent hearing loss. Centers caring 
for critically ill infants, particularly those with single-ventricle anat-
omy or hypoxia, should review their drug administration guidelines 
and adhere to best practice for administration of IV furosemide. 
(Pediatr Crit Care Med 2018; XX:00–00)
Key Words: bilateral hearing loss; cardiac surgery; furosemide; 
outcomes research; pediatric intensive care units; quality 
improvement

We have reported that the loop diuretic, furosemide, 
given by direct IV bolus administration to severely 
ill hypoxic infants under 6 weeks old having pal-

liative surgery for hypoplastic left heart syndrome (HLHS), to 
be independently statistically associated with bilateral delayed-
onset progressive sensory permanent hearing loss (PHL) (1). 
This center has previously documented a high prevalence of 
this same type of PHL among survivors after neonatal severe 
respiratory failure (2–6). Similar findings of PHL have been 
reported by others after neonatal, pediatric (7–13), and adult 
critical care (14). Implicated causes of sensory PHL after 
mechanical ventilation include prolonged ventilation, hypoxia, 
alkalosis, hyperventilation, extracorporeal membrane oxygen-
ation (ECMO), and ototoxic medications (5–13, 15, 16). Other 
than ototoxic medications, these causes were statistically ruled 
out for our high prevalence (1, 6). In reports by us (3–6) and 
others (9–11, 16), the use, dosage, and duration of use of IV 
furosemide are linked to PHL after intensive care. Although 
cumulative doses and duration of use and overlap of ototoxic 
medications had been investigated in these studies, the mode 
of administration of these cumulative doses had not, except in 
our previous study (1).

While observational data cannot prove causation, we have 
shown with multivariate analysis that this type of PHL found 
among HLHS survivors is associated with direct bolus IV furo-
semide use (1). We also showed that total furosemide dosage, 
total IV infusion furosemide dosage, total dosage of other 
potential ototoxins (ethacrynic acid, gentamicin, tobramycin, 
vancomycin, rocuronium, or pancuronium), and overlap of 
these other ototoxins with furosemide usage were not statisti-
cally associated with this type of PHL in this population (1).

Investigations suggest that furosemide can produce hear-
ing loss by inhibiting the sodium-potassium-chloride cotrans-
porter system within the stria vascularis, resulting in edema 
and reducing the endocochlear potential, primarily at higher 
frequencies (17–19). Although furosemide action is gener-
ally considered transient, PHL has been reported with rapid 
administration as well as in renal failure (17). Based on limited 
clinical data, authors recommend that the rate of administra-
tion of IV furosemide should not exceed 4 mg/min or 0.5 mg/
kg/min, whichever is slower (17–19).

The aim of this project was to reduce bilateral delayed-onset 
progressive sensory PHL by adherence to best practice for the 
administration of furosemide, a known ototoxic diuretic. 
We hypothesized that a practice change to ensure slow IV 

administration of bolus furosemide would be associated with 
a reduction in bilateral delayed-onset progressive sensory PHL 
in 4-year survivors after palliative single-ventricle cardiac sur-
gery in early infancy. This report describes the practice change 
and results.

MATERIALS AND METHODS

Study Design
The study design is a pre- to postpractice change study, based 
on a prospective follow-up study of an inception cohort. Pre-
sentation of this report generally follows that recommended 
by Standards for Quality Improvement Reporting Excellence 
2.0 (20). The practice change, including initial evaluation, 
took place from July 2007 to June 2008 (Supplemental Table 
1, Supplemental Digital Content 1, http://links.lww.com/PCC/
A839). Ethics board approvals were obtained. Informed con-
sent was obtained from all parents or guardians of the indi-
vidual children included in this study.

The Stollery Children’s Hospital in Edmonton, Alberta, 
has been a referral hospital in Western Canada for neona-
tal and pediatric cardiac surgery since 1996. The associated 
interprovincial neurodevelopmental longitudinal follow-up 
program for children identified at 6 weeks old or younger 
at the time of their heart surgery with cardiopulmonary 
bypass (CPB) completes assessments of survivors, includ-
ing audiologic examinations at six tertiary referral sites in 
Western Canada (21). For the purpose of this report, chil-
dren receiving single-ventricle repair were divided into 
pre- and postpractice change groups with all audiologic 
results reported until a minimum of age 4 years. The pre-
practice change group had surgery from September 1996 to 
June 2008. The postpractice change group had surgery from 
July 2008 to December 2012 and has now reached the age 
4 years and hence additional delayed-onset PHL is unlikely. 
Survival improved when the Norwood-Sano shunt replaced 
the Blalock-Taussig shunt for the first stage of palliative sur-
gery in August 2002 (22). Subsequent palliative surgeries 
include the Glenn, often completed at 4–6 months old, and 
the Fontan at about age 3 years.

Pre- and postoperative acute care variables were collected for 
each child at each surgery requiring CPB as has been described 
(21, 22). Socioeconomic status was determined using the 
Blishen index, a measure based on the education and employ-
ment of the main wage earner of the family (23). This study 
includes the following variables: demographic, family socio-
economic index, sex; preoperative for first surgery, antenatal 
diagnosis, birth weight, syndrome or chromosomal abnormal-
ity associated with hearing loss, highest preoperative plasma 
lactate; first surgery, age at surgery, year of surgery, postopera-
tive day 1 highest plasma lactate and Modified Inotrope Score 
(24); and variables from all of the surgeries with CPB for each 
child, total minutes of CPB, total days in hospital, and docu-
mentation associated with any one of the surgeries of cardio-
pulmonary resuscitation, ECMO, convulsions, dialysis, and 
heart transplantation.

http://links.lww.com/PCC/A839
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Practice Change Description
The practice change was based on the finding that furosemide 
given by direct IV bolus to infants 6 weeks old or younger hav-
ing palliative surgery for HLHS was independently statistically 
associated with bilateral delayed-onset progressive sensory 
PHL (1). An assumption was made that the most likely cause of 
this PHL may be the rapidity of direct IV bolus administration 
of furosemide. A deduction was made that if IV furosemide 
was given according to best practice, then incorrect furosemide 
administration as a cause for PHL could be ruled out and other 
causes could be explored, if necessary.

Before the onset of this practice change, the Regional 
Parenteral Drug Manual, the nurses’ reference for the admin-
istration of IV drugs, included the following statements under 
the furosemide monograph: 1) direct IV administration of 
furosemide can be given by a registered nurse or a registered 
practical nurse with a clinical competency in direct IV admin-
istration. 2) For direct IV administration to neonates, infants, 
and children, “administer dose undiluted (10 mg/mL concen-
tration) over 1–2 minutes.” This was accompanied by a state-
ment, “ototoxicity is more likely to occur in patients with renal 
impairment, who receive furosemide at rates exceeding 0.5 mg/
kg/min in children and 4 mg/min in adults, or in patients 
receiving other ototoxic drugs.” However, no clear directive on 
administration rate was given. Before July 2007, nursing per-
sonnel systematically observed the rate of administration of 
direct IV bolus furosemide and determined that the average 
time was less than 1 minute, and often only a few seconds. A 
pharmacist surveyed the knowledge of those administering IV 
furosemide and found that they were not aware that there was 
a maximum rate or of the cautionary ototoxicity information.

In July 2007, a team with members from neonatal and pedi-
atric intensive care, pharmacy, cardiovascular surgery, nurs-
ing (including managers and educators), audiologists, and 
developmental pediatricians met to improve the manner in 
which direct IV furosemide was being given. Changes directed 
from the medical side included: minimize doses of bolus IV 
furosemide, consider earlier use of renal replacement therapy, 
and instructions for a maximum bolus infusion rate of furo-
semide of 0.5 mg/kg/min or 4 mg/min, whichever was slower. 
Pharmacy revised the Regional Parenteral Drug Monograph to 
indicate the maximum rate of administration to meet guide-
lines and became the leader of the practice change. A new nurs-
ing educational program, based on the revised monograph on 
the mode of furosemide administration, with new methods 
of administration including pump infusion, electronic drug 
calculator, and drug library were completed. Furosemide was 
administered by syringe pump, with instructions to infuse 
over 5–15 minutes. Syringe pumps were updated in 2015, pro-
grammed to infuse furosemide bolus doses over 5–30 minutes. 
Of note, bumetanide was not used at our center during either 
time period. The initial evaluation of the change, April–June 
2008, by observation and questioning, reviewed adherence 
to best practice. A detailed description of the timeline for the 
quality improvement practice change for IV administration of 
furosemide is given in Supplemental Table 1 (Supplemental 

Digital Content 1, http://links.lww.com/PCC/A839). The final 
evaluation of assessing the children’s hearing after the practice 
change was complete after all children born July 2008–2012 
reached 4 years old and is reported here.

Follow-Up Description
Audiologic examinations in sound booths were administered 
by registered pediatric-experienced audiologists at a minimum 
of 6–8 months postsurgery, age 2–4 years, and more often as 
clinically needed (1, 6). Hearing loss at any one of the frequen-
cies of 500–4,000 Hz was defined as responses of more than 
25 decibel hearing level (dB HL) in each ear. For a given child 
with bilateral loss, we report the responses for the best hearing 
ear. Delayed-onset hearing loss was diagnosed when previous 
hearing testing was within normal limits. Progressive hearing 
loss was defined as an increase in the severity of 15 dB HL or 
more in at least one ear in at least one frequency (5). Severity 
is recorded in dB HL as mild, 26–40; moderate, 41–55; mod-
erately severe, 56–70; severe, 71–90; and profound, more than 
90 (25, 26).

Statistics
Continuous variables are presented as mean (sd) and categori-
cal variables as counts and percentages. Comparisons between 
pre- and postpractice change were done using the student t 
test for continuous variables and the Fisher exact (two-sided) 
for categorical variables. Correction for multiple compari-
sons was done using the Bonferroni procedure. Frequencies 
and 95% CIs are given for PHL. For the data analysis for the 
primary outcome, we first used univariate logistic regression, 
including variables with p value less than or equal to 0.20 in 
the comparison between pre- and postpractice change to 
determine variables associated with bilateral delayed-onset 
progressive sensory PHL (adjusted for time period). Those 
variables approaching significance with a p value less than or 
equal to 0.10 were entered into a multiple logistic regression 
with Firth Bayesian approach (27) for parameter estimation to 
reduce bias caused by separation (28). Separation occurred as 
no hearing loss was observed in the postpractice change time 
period. Firth multiple logistic regression with odds ratio (OR) 
and 95% CI was used to determine the combination of vari-
ables predicting PHL (27).

RESULTS
From September 1996 to December 2012, 259 infants of less 
than or equal to 6 weeks old had single-ventricle palliation at 
this center. Survival to age 4 years was 173 (64.3%). Before the 
practice change, September 1996 to June 2008, survival was 
100 (64.1%) of 156, and after the practice change, July 2008 to 
December 2012, survival was 73 (70.9%) of 103 (Fisher exact 
p = 0.28). Description of the perioperative variables studied in 
relation to the practice change is given in Table 1. After Bon-
ferroni correction for multiple comparisons, the more recent 
time period shows an increase in the proportion of infants 
with antenatal diagnoses, lower postoperative Modified Ino-
trope Score (24) and plasma lactate levels, fewer cumulative 
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hospital days, shorter cumulative CPB time, and no bilateral 
delayed-onset progressive sensory PHL (Table 1). There was 
100% follow-up to age 4 years.

Bilateral delayed-onset progressive sensory PHL occurred 
in 17 of 100 survivors (17%) (95% CI, 10.2–25.8%) preprac-
tice change and 0 of 73 (0%) (95% one-sided CI, 0–4.9%) 

TABLE 1. Comparison of Summary Acute Care and Demographic Variables for 4.5-Year-Old 
Children After Staged Single-Ventricle Palliation With First Surgery Performed at Less 
Than or Equal to 6 Weeks of Life Between Pre- and Postpractice Change

Descriptors
Total

n = 173

Prepractice Change
September 1996 to 

June 2008
n = 100

Postpractice
July 2008 to  

December 2012
n = 73 t Test

Fisher Exact  
Significance or p

Demographics      

 Socioeconomic index,a mean (sd) 43.6 (13.4) 43.9 (14.3) 43.1 (12.0) 0.454 0.651

 Sex: boys, n (%) 106 (61.3) 64 (64) 42 (57.5)  0.431

First surgery: preoperative      

 Antenatal diagnosis, n (%) 120 (69.4) 58 (58) 62 (84.9)  < 0.001

 Birth weight (kg), mean (sd) 3.3 (0.5) 3.3 (0.5) 3.2 (0.5) 1.303 0.194

 Syndrome or chromosomal abnormality known 
to be associated with hearing loss, n (%)

10 (5.8) 3 (3) 7 (9.6)  0.098

 Highest preoperative plasma lactate (mmol/L): 
first surgery, mean (sd)

3.2 (2.5) 3.6 (3.1) 2.5 (1.2) 2.978 0.003

First surgery, mean (sd)      

 Year of first surgery 2,006.3 (4.2) 2,003.5 (3.4) 2,010 (1.5) –16.898 < 0.001

 Age at first surgery (d) 11.6 (9.0) 10.9 (6.1) 12.6 (11.9) –1.138 0.258

First surgery: postoperative day 1, mean (sd)      

 Highest postoperative Modified Inotrope Score 
(24), day 1: first surgery

13.3 (11.6) 15.9 (13.2) 10.0 (7.8) 3.534 0.001

 Highest postoperative plasma lactate, day 1 
(mmol/L): first surgery

6.4 (3.4) 7.1 (3.5) 5.5 (3.1) 3.160 0.002

All surgeries before 4 yr old needing 
cardiopulmonary bypass

     

 All hospital days, mean (sd) 64.3 (42.4) 73.2 (49.1) 52.2 (26.9) 3.593 < 0.001

 All cardiopulmonary bypass time (min),  
mean (sd)

257.1 (115.5) 280.5 (116.2) 224.9 (107.1) 3.213 0.002

 Cardiopulmonary resuscitation: used at 
anytime, n (%)

18 (10.4) 9 (9) 9 (12.3)  0.615

 Extracorporeal membrane oxygenation used at 
anytime, n (%)

19 (11) 11 (11) 8 (11)  1.000

 Clinical convulsions documented at anytime, 
n (%)

28 (16.2) 18 (18) 10 (13.7)  0.533

 Dialysis used at anytime, n (%) 34 (19.7) 14 (14) 20 (27.4)  0.034

 Heart transplantation at anytime, n (%) 13 (7.5) 8 (8) 5 (6.8)  1.000

 Sepsis at anytime, n (%) 38 (22) 30 (17.3) 8 (11)  0.003

Outcome      

 Delayed-onset progressive bilateral permanent 
hearing loss by 4.5 yr, n (%)

17 (9.8) 17 (17) 0 (0)  < 0.001

a  Blishen index, population mean (sd) for Canada = 43 (13) (23).
Bonferroni procedure for the correction of multiple comparisons indicates ≥ 0.0026 is not statistically significant.
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postpractice change. None of these children had a known 
cause for progressive PHL. No child had a history of hearing 
loss in a first-degree relative. While three children in the pre-
practice change period had chromosomal abnormalities, none 
of these had documented delayed-onset progressive PHL. The 
univariate analysis found the following were associated with 
delayed-onset progressive PHL at p value of less than or equal 
to 0.10: all hospital days, ECMO, CPB time, age at first surgery, 
dialysis use, and sepsis (Table 2). Firth multiple logistic regres-
sion used to determine the combination of variables predict-
ing PHL, and adjusting for these six confounding variables, 
showed the only statistically significant predictor to be sur-
gery that occurred in the time period after the practice change 
(Table 2). The adjusted OR for PHL in the postpractice change 
time period was 0.03 (95% CI, 0–0.35; p = 0.001).

DISCUSSION
This center has previously documented a high prevalence of 
bilateral delayed-onset progressive PHL among term and near-
term survivors after neonatal severe respiratory failure (2–6). 
Critical to the background for this present study was our unex-
pected finding of the same type of PHL among children hav-
ing HLHS operation where we detailed numerous ototoxic 
medications and concluded that this type of PHL was associ-
ated with furosemide given by IV bolus, and not with non-
bolus furosemide, or other ototoxic medications (1). Because 
other methods of further investigation of this, such as a clinical 
trial, would not be ethically acceptable, we launched a quality 
improvement evaluation. This study describes a simple prac-
tice change consisting of slowing the rate of administration of 

IV furosemide to adhere to best practice. The practice change 
eliminated progressive sensory PHL among survivors after 
single-ventricle palliation. This report would not have been 
possible without the long-term audiologic follow-up of sur-
vivors to initially document the unexpected PHL and then to 
show the positive effects of the practice change. The strength 
of this project was the ability of the members of a system of 
care to effect change once a safety issue was demonstrated. The 
first changes were made by a directive from medical intensiv-
ists. The completeness of the change was due to the action of 
pharmacists and various levels of nursing. The combination of 
an educational program, changes in the drug monograph and 
syringe pump library, and a standard concentration for mixing 
furosemide makes the possibility of a rapid bolus dose of furo-
semide for any future child cared for in this region unlikely.

Hearing loss is a significant disability potentially interfering 
with communication and literacy. For children who have been 
severely ill, PHL is an added burden to other health and devel-
opmental concerns. Avoidance of hearing loss can make a sig-
nificant difference to the educational and future employment 
level of a child (15, 29). For each child not requiring repeated 
hearing and language assessments and therapy, amplification, 
specialized communication and literacy instruction, and pos-
sible need for cochlear implantation, there will be a societal 
cost saving (30). The type of this bilateral sensory PHL is not 
unique to infants after single-ventricle palliation, but it has 
been reported with persistent pulmonary hypertension, after 
congenital diaphragmatic hernia repair and ECMO (2–12). 
With this practice change, this type of PHL has been elimi-
nated from our region (31).

TABLE 2. Prediction of Delayed-Onset, Progressive, Bilateral Sensory Permanent Hearing 
Loss After Single-Ventricle Palliation

Variable

Univariate Logistic 
Regressiona (OR With 

95% CI) p

Firth Multiple Logistic 
Regressionb (OR With 

95% CI) p

Practice change: post, July 2008 Used to adjust for time 
period

— 0.03 (0–0.35) 0.001

All hospital days 1.01 (1–1.02) 0.008 1.01 (0.99–1.02) 0.32

Extracorporeal membrane oxygenation used at anytime 5.24 (1.41–19.17) 0.014 2.14 (0.28–12.73) 0.44

All cardiopulmonary bypass time (min) 1.005 (1.001–1.01) 0.017 1.003 (0.999–1.009) 0.17

Age at first surgery (d) 1.07 (1–1.15) 0.04 1.06 (1–1.16) 0.06

Dialysis use at anytime 3.44 (0.98–11.41) 0.05 1.37 (0.27–5.46) 0.68

Sepsis at anytime 2.44 (0.85–7.01) 0.1 2.45 (0.79–8.51) 0.12

Preoperative plasma lactate (mmol/L): first surgery 1.11 (0.96–1.27) 0.15 — —

Cardiopulmonary resuscitation: used at anytime 2.88 (0.63–11.47) 0.16 — —

Birth weight (kg) 0.999 (0.998–1) 0.18 — —

Postoperative Modified Inotrope Score, day 1, first surgery 1.02 (0.99–1.05) 0.2 — —

OR = odds ratio.
a  Univariate analysis shows the OR for variables from Table 1 that had a p value ≤ 0.2.
b  Firth multiple logistic regression (27) includes variables on univariate logistic regression with a p value of ≤ 0.1.
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Long-term clinical experience with the follow-up of ill new-
borns suggests a recognizable pattern to the development of 
PHL after rapid IV furosemide use (2–6). Newborn hearing 
assessments are within normal limits. A loss at high frequen-
cies (4,000–8,000 Hz) and/or absent otoacoustic emissions 
may be the first indication. Often a sloping high frequency 
loss is found at the first follow-up visit with normal hearing in 
lower frequencies, up to 1,000 or 2,000 Hz, and a moderate loss 
at higher frequencies. Progression may occur within several 
months showing both a greater loss at highest frequencies and 
loss extending into lower frequencies. We have found that the 
more rapid the progression the more severe the final loss. A flat 
severe to profound loss at all frequencies may result. All chil-
dren in this study required amplification. Children may require 
cochlear implantation. With newborn universal screening, this 
pattern of loss would likely result in a “pass”; thus ongoing 
assessments are needed to rule out delayed-onset progressive 
PHL. Timing and methods of surveillance for delayed-onset 
PHL have been recommended (15, 32).

As with all diagnosed hearing loss, consultation should 
take place with an otolaryngologist and geneticist. Common 
causes of progressive PHL include cytomegalovirus infections, 
both congenital and acquired in immunocompromised chil-
dren (33), genetic causes (34), neurodegenerative disorders, 
hyperbilirubinemia, chemotherapy, and postneonatal severe 
infections (15, 32). None of the children in this cohort had 
any of these causes identified for their progressive PHL. How 
is it possible that a system of care could overlook knowledge 
about and recommendations for the use of an ototoxic drug? 
At this center, survival of term and near-term newborns with 
severe respiratory failure was enhanced by a protocol approach 
that included muscle paralysis from birth (35). Could it be that 
high furosemide use, with accompanying unrecognized incor-
rect rate of administration in the era of that protocol, became 
part of a persistent institutional culture with the consequence 
of ongoing PHL among the sickest survivors? Unintended out-
comes with protocol use have been discussed (36).

There are some limitations of this study. First, the pre- to 
postpractice change study design is not ideal, as other concur-
rent changes in care occur over time. The postpractice change 
patients had lower pre- and postoperative day 1 lactate, lower 
postoperative day 1 inotrope score, shorter CPB time, and 
shorter total hospitalization times compared with prepractice 
change patients. Using the Firth multiple logistic regression 
does suggest that the elimination of this type of PHL occurred 
in association with the practice change, with a failure of these 
other confounding variables to enter into the statistical predic-
tion. Even so, being an observational study, we cannot prove 
a cause-effect relationship between furosemide administration 
and PHL, and unmeasured confounders could account for 
reduction in PHL over time. Second, we did not measure furo-
semide usage in the postpractice change time period, including 
whether frequency of use as bolus (including the dose used) 
or infusion changed. Nevertheless, it is our clinical impression 
that furosemide usage in infants after single-ventricle palliation 
has increased at our center, still with high usage of IV bolus 

dosing, associated with the increasing emphasis on program 
markers of early extubation and discharge. Third, we have not 
continued to collect detailed information on ototoxic drug use 
that may be a confounder and have contributed to the decline 
in PHL. Importantly, other ototoxic drug use was measured (as 
total dosage and overlap with furosemide) for ethacrynic acid, 
pancuronium, rocuronium, gentamicin, tobramycin, and van-
comycin in our original study prepractice change, and none 
of these medications were statistically associated with PHL 
(1). Fourth, the small number of children with PHL is from 
a single program, limiting generalizability of the study. Fifth, 
this report does not address all possible types of hearing loss, 
including unilateral or temporary conductive loss. During this 
study, one child had bilateral conductive PHL; no child had 
a diagnosis of auditory neuropathy. Finally, during the inter-
vention, there was some ambiguity on the appropriate rate 
of administration of bolus furosemide to these neonates: the 
Parenteral Drugs Manual instructed to administer furosemide 
at the slower of 0.5 mg/kg/min or 4 mg/min; in 2007, nurses 
were instructed to administer furosemide by syringe pump 
infusion over 5–15 minutes; and from 2015 onward, syringe 
pumps were programmed to administer furosemide over 5–30 
minutes. This intervention ensured safe administration of 
furosemide in neonatal and pediatric intensive care, for both 
neonates and older children. Overall, this study suggests the 
efficacy in eliminating progressive sensory PHL by the post-
practice change of administering furosemide to neonates by 
syringe pump over at least 5 minutes.

The strengths of this study include the prospective design, 
the complete follow-up achieved on all 173 survivors, and the 
statistical adjustment for known confounders when determin-
ing the association between time period and PHL. In addition, 
the results are compatible with pathophysiologic consider-
ations regarding furosemide. First, limited clinical and experi-
mental data suggested that ototoxicity may be associated with 
higher serum levels of furosemide, which would occur with 
more rapid bolus administration (17, 37–39). Second, urinary 
sodium excretion rate is less associated with this peak serum 
furosemide concentration than with the urinary furosemide 
excretion rate (38). This suggested that a furosemide dose 
given over a longer time period may produce a greater cumu-
lative diuresis, by maintaining a maximally efficient amount of 
furosemide in the urine for a longer period of time (38). Thus, 
infusion of furosemide over 5–30 minutes was hypothesized to 
reduce ototoxicity while not sacrificing diuretic efficacy.

CONCLUSIONS
Through this system-based pre- to postpractice change study, 
we have demonstrated one type of PHL to be associated with 
rapid IV administration of bolus furosemide. This finding has 
the potential to prevent this disability for many children. We 
suggest that all centers caring for critically ill infants review 
their drug administration guidelines and adhere to best prac-
tice for administration of IV furosemide. Developing and 
maintaining a safe environment while caring for ill patients 
require regular review of all aspects of a system of care. Our 
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experience of failure to have clear, specific monograph instruc-
tions that included limitations on the rate of administration 
of IV furosemide and a reliance on routines without review or 
questioning resulted in hardship for children and families. To 
improve patient safety and reduce medication errors, we now 
have a Medication Administration Project to align care with 
best practice and Accreditation Canada Standards.
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