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The incidence of in utero drug exposure (IUDE) and neonatal extracorporeal
membrane oxygenation (ECMO) utilization have both increased over the past
decade. However, there are no studies to date that examine the impact that
IUDE has on neonates requiring ECMO. In this retrospective cohort study, we
compared the clinic course and outcomes of neonates who were placed on
ECMO with IUDE vs. neonates without IUDE. Analysis included data extracted
from medical records from all neonatal ECMO runs between January 2014 and
January 2021 at the University of Kentucky Children’s Hospital. A total of 56
neonatal patients were placed on ECMO during this time period and there were
a total of 57 ECMO runs. Nearly one-third of neonates (16) had documented
IUDE. There were no differences in gestational age, length of ECMO run,
survival to discharge, or number of major complications while on ECMO in the
neonates with IUDE compared to those without. In contrast, greater use of
sedative and analgesic adjuvant medications during ECMO was required for
IUDE-ECMO cases (p < 0.01). Trending results indicated that post-ECMO feeding
complications and total hospitalization length were also greater in the IUDE-
ECMO group. These findings illustrate the complex influence of prenatal drug
exposures on neonatal patient care and warrant the development of clinical care
strategies optimized for this unique patient group.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is an advanced life-support modality

used for the treatment of respiratory and cardiac failure in critically ill neonates who are

not responsive to conventional therapies. The use of ECMO in neonates has increased

over the past decade and was utilized 6,656 times in this patient group between 2015 and

2020 in the United States (1). Clinical outcomes for neonatal ECMO can be excellent and

are often substantially better than older age pediatric patients or adults (1). A critical

clinical component of successful neonatal ECMO therapy involves monitoring and

maintaining a proper level of patient comfort and sedation. This typically requires

continuous infusions of one or more sedative and analgesic medications (2–4) and

continuous monitoring of patient status. Sedation of neonates on ECMO is complicated

by numerous factors, including the pharmacokinetic variability related to gestational age

and the relative circuit volume, the sequestration of drugs in the ECMO circuit, the

development of tolerance to sedative medications, and ECMO-related physiologic and
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metabolic alterations (5–16). The duration and severity of diseases

in neonates requiring ECMO often requires a prolonged course and

high doses of sedative and analgesic drugs, as well as nearly

continuous assessment of sedation status and dose adjustments

(3, 4, 8, 10).

A recently emerging challenge in the sedation of neonates on

ECMO is related to the increasing incidence of intrauterine drug

exposure (IUDE). In recent years, IUDE has risen dramatically,

corresponding with the rise of the opioid epidemic (17–19). This

has been especially true for the region our institution serves (the

state of Kentucky and central Appalachian region of the United

States). A national survey of neonatal intensive care units

(NICUs) found that IUDE leading to neonatal abstinence

syndrome (NAS) accounted for 4% of all NICU hospital days

nationwide, with some centers reporting that over 20% of NICU

days were attributed to the care of infants with NAS (17). It is,

therefore, likely that the frequency of infants with IUDE who

require ECMO has also increased. The impact of IUDE in

neonates who are critically ill is not well-documented, but this is

a likely factor complicating their hospital course. Despite the

increasing number of neonates with IUDE, and the importance

of sedation management in neonatal ECMO, there have been no

reports describing the impact of prenatal drug exposures in this

special clinical setting.

Sedation management in neonates on ECMO is challenging in

all infants but is further complicated in the setting of IUDE.

Exposure to drugs in utero can lead to tolerance to sedative

medications routinely used in the NICU (20). Additionally, the

withdrawal symptoms that patients with IUDE experience may

necessitate increased doses of these medications to maintain

neonates’ comfort. To our knowledge, no studies have examined

the use of sedatives in this population. Adequate sedation is

essential during neonatal ECMO to avoid pain and discomfort,

but oversedation and prolonged duration of sedation will make

the post-ECMO course more complicated (2, 10, 21, 22).

Therefore, it is crucial to gain a better understanding of how to

maintain sedation goals in this population.

In this study, we sought to characterize the clinical course of

neonatal patients with documented IUDE who require ECMO

focusing on (1) patient outcomes, (2) sedation requirements, and

(3) nutritional requirements. Comparisons were made to ECMO

patients from the same institution and timeframe who did not

have IUDE.
Methods

Participants

We performed a retrospective chart review of all neonatal

patients placed on ECMO between January 2014 and January

2021 at the University of Kentucky Children’s Hospital. A total

of 56 neonates were identified; one patient was placed on ECMO

twice, resulting in a total of 57 ECMO runs. No patients who

received neonatal ECMO during this time period were excluded
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from the study. Approval for this study was obtained through the

University of Kentucky Institutional Review Board (IRB).
Study design

This study was designed as a retrospective cohort. Using data

extracted from medical records, we compared the clinical course

of neonates that had IUDE prior to ECMO requirement vs. those

only requiring ECMO at our institution. Cases involving IUDE

were identified by one or more of the following: an abnormal

urine drug screen during the last trimester of pregnancy

identified via maternal medical record, enrollment of the mother

in an institutional prenatal medication-assisted treatment (MAT)

program, or description of drug exposure in the neonatal

delivery note and/or NICU patient medical record. Due to the

severity of illness and degree of patient instrumentation, we were

not practically able to use clinical scoring assessments to identify

NAS. Data from each neonate were analyzed for birth weight,

gestational age, mode of delivery, sex, diagnosis, complications

during ECMO, duration of ECMO, survival to discharge, length

of stay, time until full feeds, and sedation requirements. Data on

sedation included medication type, number of medications, and

dosage. Total oral morphine equivalents (OME) were calculated

in order to standardize the dosing comparison of the various

narcotics that were utilized among patients (23). ECMO

complications were reported based on ESLO guidelines. Time

until full P.O. feeds was calculated by determining the date

where the neonate took 100% of their feeds by mouth. If an

infant received a G-tube, their total length of stay was used as

their time to full P.O. feeds.
Sedation protocol

Induction and maintenance of sedation in all neonatal ECMO

cases were performed identically using institutional standard

clinical practice guidelines. Per NICU protocol, depth of sedation

was determined hourly using the Richmond Agitation-Sedation

Scale (RASS) (24) and adequate sedation was defined as a RASS

score of 0 to −2 with the patient being awake, but not agitated

or uncomfortable; patient status was verified hourly and dose

adjustments were determined by the bedside team (including a

physician, a pharmacist, and nursing specialists). During

cannulation, neonates were given bolus injections of fentanyl and

midazolam. Following cannulation, patients were started on a

morphine drip at 10–20 μg/kg/h and midazolam drip at

0.1 mg/kg/h. Fentanyl, dexmedetomidine, phenobarbital,

lorazepam, diazepam, hydromorphone, clonidine, and ketamine

were each available as analgesic adjuvants. Methadone and

buprenorphine were available for the treatment of withdrawal.

Once stabilized on ECMO, patients underwent daily sedation

holidays to prevent the development of tolerance to sedative

and analgesic medications. Following sedation holidays, drips

were restarted at 10% less than their prior dose. The use of
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paralytic agents was minimized in order to allow for hourly

neurological examination.
Statistical methods

Initial review of the collected data set showed that nearly all

variables were skewed and non-normally distributed. For these

reasons, we used nonparametric statistical testing between

groups. Descriptive statistics were reported as median

(interquartile range) for continuous variables and count

(percentage) for categorical data. Categorical data about the

demographic and clinical characteristics were analyzed using

Pearson’s chi-squared or Fisher’s exact test as appropriate.

Continuous variables were analyzed utilizing nonparametric

methods with independent-samples difference of medians test.

An alpha level of 0.05 was used to identify significance. All

statistical analysis was performed using IBM SPSS Statistics

version 28.
TABLE 2 Sedation and analgesic requirements during ECMO.

ECMO only
control
(n = 40)

IUDE-ECMO
(n = 16)

p-
value

Median Median (IQR)
Results

ECMO patient population and baseline
characteristics

Table 1 identifies the patient characteristics for neonates who

received ECMO following IUDE vs. those without IUDE. During

the period studied, approximately one-third of the neonatal

ECMO cases at our institution had IUDE (16 of 56, 28%). The
TABLE 1 Characteristics of neonates requiring ECMO.

ECMO only
control (n = 40)

IUDE-ECMO
(n = 16)

p-
value

Patient characteristics
Gestational age (weeks),
median (IQR)

38.1 (36.6–40.0) 38.2 (35.9–39.2) 0.90

Birth weight (g), median
(IQR)

3,314 (2767–3686) 2,868
(2308–3450)

0.14

Vaginal delivery, n (%) 20 (50) 8 (50) 1.00

Indication(s) for ECMO, n (%)
PPHN 36 (92) 16 (100) 0.25

Shock 5 (31) 14 (35) 0.79

Meconium aspiration 7 (17) 7 (43) 0.04

ECMO type, n (%)

VA 14 (35) 6 (37) 0.86

VV 26 (65) 10 (62) 0.82

Time to cannulation, median (IQR)
Hours to cannulation 50.8 (32.2–85.6) 51.5 (23.9–79.3) 0.47

ECMO procedure time
Total hours on ECMO 117.1 (85.5–150.3) 89.1

(78.89–164.0)
0.38

ECMO, extracorporeal membrane oxygenation; IQR, interquartile range; IUDE,

in utero drug exposure; MAS, meconium aspiration syndrome; P.O., by mouth;

PPHN, persistent pulmonary hypertension of the newborn; VA, veno-arterial; VV,

veno-venous.
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most common conditions indicating the need for ECMO in both

groups were persistent pulmonary hypertension, shock, and

meconium aspiration syndrome. Neonates with IUDE were more

likely to have meconium aspiration syndrome than neonates

without IUDE (43.8% vs. 17.5%, p = 0.04). The majority of

neonates with and without IUDE were placed on veno-venous

(VV) ECMO. Gestational age and frequency of vaginal birth

were not different between groups. The birth weight of the

neonates in the IUDE group tended to be lower than those

without IUDE (2,868.5 g vs. 3,314.5 g, p = 0.14), with a greater

fraction of patients less than 2 kg in the IUDE group. There was

also no difference in total ECMO run time between groups.
Sedation management during ECMO

Table 2 shows the sedation and analgesic dosing requirements

for the two patient groups during their ECMO runs. Despite the

use of an identical standard clinical protocol for sedation

management, several differences were observed between groups.

Neonates with IUDE required a median of five adjuvant sedative

and/or analgesic medications and neonates without IUDE

required a median of three adjuvants (p < 0.01). IUDE in ECMO

patients was associated with a more than three-fold median total
(IQR)

Agent and dose requirement (mg/kg)
Morphine

Drip 19.9 (11.9–36.4) 34.4 (15.0–100.5) 0.14

Bolus 3.5 (2.2–8.5) 7.0 (3.0–13.8) 0.38

Oral 0.5 (0–6.6) 0 (0–8.4) 0.77

Fentanyl
Drip 0 (0–0) 0 (0–0) 0.68

Bolus 10.7 (0.0–25.0) 23.5 (2.5–51.4) 0.14

Hydromorphone drip
Drip 0 (0–0) 0 (0–0) 0.03

Bolus 0 (0–0) 0 (0–0) 0.14

Methadone 0 (0–0) 0 (0–8.0) 0.01

Diazepam 0 (0–0) 0 (0–13.5) 0.08

Midazolam
Drip 8.9 (0.6–24.0) 15.0 (0.7–77.0) 0.77

Bolus 3.7 (1.2–6.3) 4.9 (1.5–13.0) 0.77

Phenobarbital bolus 0 (0–1.0) 0 (0–2.3) 0.89

Dexmedetomidine drip 0 (0–8.9) 49.5 (0–170.5) 0.08

Composite measures
Total oral morphine equivalents 77.1

(47.2–167.0)
245.7

(89.7–639.3)
0.14

Total no. of adjuvants 3 (2–4) 5 (3.25–7.7) <0.01

Total morphine equivalents per
hour of ECMO runtime

0.7 (0.4–1.3) 1.49 (0.7–4.2) <0.01

ECMO, extracorporeal membrane oxygenation; IQR, interquartile range; IUDE,

in utero drug exposure.
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dose of oral morphine equivalents over the course of their ECMO

run compared to neonates without IUDE (246 vs. 77.1 mg/kg),

although this was marginally significant. When the total

morphine equivalents used for each patient were normalized to

the actual ECMO run time, there was a striking difference

between groups: IUDE cases required two-fold greater morphine

equivalents per hour of ECMO (0.7 vs. 1.49 mg/kg/h, p < 0.01).
Clinical outcomes following ECMO

Table 3 shows comparisons of clinical outcomes following

ECMO for the two groups (IUDE vs. no IUDE). No difference

was seen in survival to discharge in the neonates with IUDE vs.

those without IUDE (75.0% vs. 90.0%, p = 0.18). Neonates with

IUDE required the same amount of time on oxygen (28.0 vs.

20.0, p = 0.49) and ventilatory support (17.0 vs. 14.5, p = 0.38)

than neonates without IUDE. However, trending results show

that neonates with IUDE did require a longer length of stay than

those without IUDE (41.0 vs. 31.5 days, p = 0.10).
Nutrition

There was no difference observed in the percentage of neonates

with and without IUDE who reached full P.O. feeds by the time of

discharge (69.4% vs. 58.3%, p = 0.48) (Table 2). Of these infants, it

took a median length of 40 days for neonates with IUDE to reach

full P.O. feeds compared to 19 days in neonates without IUDE

(p = 0.24) (Table 3). There was also no difference seen in the

amount who required a G-tube (25.0% vs. 16.7%, p = 0.67)

(Table 2).
TABLE 3 Clinical outcomes following ECMO.

ECMO only
control (n = 40)

IUDE-ECMO
(n = 16)

p-
value

Clinical outcome, n (%)
Survival to discharge 36 (90.0) 12 (75.0) 0.21

ECMO complications
Intracranial hemorrhage 9 (22) 2 (12) 0.48

Sepsis 3 (7) 1 (6) 1.00

Days on oxygen, median
(IQR)

20 (14.3–30.5) 28 (14.0–57.0) 0.49

Days on ventilator, median
(IQR)

14.5 (11.0–19.0) 17 (12.0–28.75) 0.38

Length of stay, median
(IQR)

31.5 (22.3–48.8) 41 (26.3–74.5) 0.10

Post-ECMO feeding complications
Days until full P.O. feeds,
median (IQR)a

19 (14.0–42.0) 40 (14.5–84.3) 0.24

Full P.O. feeds by
discharge, n (%)a

25 (69.4) 7 (58.3) 0.48

Gastric tube, n (%)a 6 (16.7) 3 (25.0) 0.67

ECMO, extracorporeal membrane oxygenation; IQR, interquartile range; IUDE,

in utero drug exposure.
aOnly infants who survived until discharge were included in this analysis.
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Discussion

Despite a steady rise in numbers of prenatally drug-exposed

infants along with an established clinical value and excellent

outcomes for neonates receiving ECMO, little is known about

the overlay of these two aspects of neonatal intensive care. In

this retrospective cohort study, we examined the role that IUDE

plays in the treatment and outcomes of neonates requiring

ECMO in order to improve sedation and medical management

in this vulnerable population. We observed that neonates with

and without IUDE did not differ in rates of survival to discharge

or the number or type of morbidities. However, neonates with

IUDE + ECMO do require more adjuvant therapies for sedation

during ECMO. Trending data indicate that neonates with IUDE

required greater than 300% higher doses of oral morphine

equivalents, may experience more feeding difficulty than those

without IUDE, and have a longer length of stay.

Previous studies on neonates who require ECMO show the

development of tolerance and the consequent need for increased

sedation over the course of their hospital stay (4, 10, 25). This is

consistent with our findings that showed all neonates, regardless

of the presence of IUDE, required an increase in the amount of

sedation and analgesic medication throughout their

hospitalization. This was particularly true for neonates with

IUDE. The increased sedation requirements for neonates with

IUDE is likely due to the increased pain and discomfort

experienced secondary to drug withdrawal as well as the

development of tolerance to sedative medications in utero. In

addition, the rapid clearance of maternal drugs from the ECMO

circuit may have resulted in earlier and more severe symptoms of

withdrawal in neonates with IUDE. Our findings are consistent

with studies in adult populations that found the need for higher

doses of sedation in patients with previous exposure to opioids

or sedative medications (26–28).

Opioid treatment in neonates has been associated with a delay

in attainment of full oral feeds (29, 30). This is consistent with our

trending results that indicate that neonates with IUDE may take

twice as long to reach full oral feeds compared to those without

IUDE. The time it takes neonates to reach full oral feeds is a

major determinant of length of stay (31, 32). These studies

suggest that feeding ability plays a crucial role in determining the

length of hospital stay in neonates who require ECMO. Given

the role feeding ability plays in length of stay, the delay seen in

reaching full oral feeds in neonates with IUDE might explain

their increased length of stay compared to neonates without IUDE.

As a result of the findings from this investigation, Kentucky

Children’s Hospital has developed new clinical practice guidelines

(CPG) for the sedation of neonates with IUDE requiring ECMO.

These updated guidelines address the increased need for sedative

and analgesic medications in neonates with IUDE who are put

on ECMO. The CPG include the following: (1) no sedation

holidays; (2) use of methadone as the primary medication to

control withdraw symptoms; (3) start methadone treatment at

0.3 mg every 12 h, dose can be increased daily by 0.05 mg to a

maximum dose of 0.2 mg/kg/dose; (4) consider adding clonidine,
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phenobarbital, or diazepam as adjuvants therapies; and (5) wean

morphine and increase methadone once the neonate is captured.

The updated CPG was not used on any neonates in this study.

Prospective, multicenter studies should be performed to evaluate

the efficacy of the new CPG in controlling the comfort level of

neonates with IUDE who require ECMO.

The findings of this study are subject to limitations, which

include the small sample size and retrospective study design

limited types of analyses we were able to perform. This led to

results that were clinically significant but in some cases did not

reach the level of statistical significance. Examples of this

discrepancy are seen as the number of days it took neonates to

reach full oral feeds and the total OME required for pain control

and sedation. Additionally, we did not have information on the

frequency, timing, or type of drugs that the neonates were

exposed to in utero. It is possible that these factors impacted the

severity of withdraw in the neonates and their response to drugs

given in the NICU. For practical reasons, we were also unable to

diagnose neonates with IUDE with NAS or capture clinical

characteristics of this condition using a standardized scoring

system given the critical nature of their illness. We note that our

institution is the only level 4 NICU offering ECMO life support

to children throughout our region, an area that has been one of

the hardest hit from the opiate abuse epidemic (e.g., Central and

Eastern Kentucky and Mid-Appalachian US). For these reasons,

our patient experiences thus far may be leading other sites, and

future studies should include collaborations with other centers to

increase the cohort size and to refine and improve clinical

guidelines for this unique patient group.

This retrospective study is the first to analyze the impact that

IUDE has on the treatment of neonates requiring ECMO life

support. We found that neonates with IUDE who require ECMO

had no change in survival to discharge or ECMO complications

than neonates without IUDE requiring ECMO. However, IUDE

was associated with increased need for sedation and analgesic

requirements, longer length of hospitalization, and overall more

complex care. Our observations suggest that refined strategies

and clinical guidelines for this special patient group may be
Frontiers in Pediatrics 05
warranted, as well as prospective studies to develop optimized

clinical care for improvements in clinical course and outcomes.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

All authors contributed to the idea generation and execution, data

collection and analysis, and manuscript preparation. All authors

contributed to the article and approved the submitted version.
Funding

The Department of Pediatrics at the University of Kentucky

has paid the cost of publication.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. ECMO Registry of the Extracorporeal Life Support Organization (ELSO).
Ann Arbor, Michigan (2020). Available at: https://www.elso.org/registry/
internationalsummaryandreports/reports.aspx#UnitedStatesOctober2020.

2. Anand KJ, Barton BA, McIntosh N, Lagercrantz H, Pelausa E, Young TE, et al.
Analgesia and sedation in preterm neonates who require ventilatory support: results
from the NOPAIN trial. Neonatal outcome and prolonged analgesia in neonates.
Arch Pediatr Adolesc Med. (1999) 153(4):331–8. doi: 10.1001/archpedi.153.4.331

3. Shekar K, Roberts JA, Mullany DV, Corley A, Fisquet S, Bull TN, et al. Increased
sedation requirements in patients receiving extracorporeal membrane oxygenation for
respiratory and cardiorespiratory failure. Anaesth Intensive Care. (2012) 40(4):648–55.
doi: 10.1177/0310057X1204000411

4. Schneider JB, Sweberg T, Asaro LA, Kirby A, Wypij D, Thiagarajan RR, et al.
Sedation management in children supported on extracorporeal membrane
oxygenation for acute respiratory failure. Crit Care Med. (2017) 45(10):e1001–10.
doi: 10.1097/CCM.0000000000002540

5. Buck ML. Pharmacokinetic changes during extracorporeal membrane
oxygenation: implications for drug therapy of neonates. Clin Pharmacokinet. (2003)
42(5):403–17. doi: 10.2165/00003088-200342050-00001
6. Shekar K, Fraser JF, Smith MT, Roberts JA. Pharmacokinetic changes in patients
receiving extracorporeal membrane oxygenation. J Crit Care. (2012) 27(6):741.e9–e18.
doi: 10.1016/j.jcrc.2012.02.013

7. Wildschut ED, Hanekamp MN, Vet NJ, Houmes RJ, Ahsman MJ, Mathot RA,
et al. Feasibility of sedation and analgesia interruption following cannulation in
neonates on extracorporeal membrane oxygenation. Intensive Care Med. (2010) 36
(9):1587–91. doi: 10.1007/s00134-010-1931-4

8. Dagan O, Klein J, Bohn D, Koren G. Effects of extracorporeal membrane
oxygenation on morphine pharmacokinetics in infants. Crit Care Med. (1994) 22
(7):1099–101. doi: 10.1097/00003246-199407000-00008

9. Ahsman MJ, Hanekamp M, Wildschut ED, Tibboel D, Mathot RA. Population
pharmacokinetics of midazolam and its metabolites during venoarterial
extracorporeal membrane oxygenation in neonates. Clin Pharmacokinet. (2010) 49
(6):407–19. doi: 10.2165/11319970-000000000-00000

10. Arnold JH, Truog RD, Orav EJ, Scavone JM, Hershenson MB. Tolerance and
dependence in neonates sedated with fentanyl during extracorporeal membrane
oxygenation. Anesthesiology. (1990) 73(6):1136–40. doi: 10.1097/00000542-
199012000-00011
frontiersin.org

https://www.elso.org/registry/internationalsummaryandreports/reports.aspx#UnitedStatesOctober2020
https://www.elso.org/registry/internationalsummaryandreports/reports.aspx#UnitedStatesOctober2020
https://doi.org/10.1001/archpedi.153.4.331
https://doi.org/10.1177/0310057X1204000411
https://doi.org/10.1097/CCM.0000000000002540
https://doi.org/10.2165/00003088-200342050-00001
https://doi.org/10.1016/j.jcrc.2012.02.013
https://doi.org/10.1007/s00134-010-1931-4
https://doi.org/10.1097/00003246-199407000-00008
https://doi.org/10.2165/11319970-000000000-00000
https://doi.org/10.1097/00000542-199012000-00011
https://doi.org/10.1097/00000542-199012000-00011
https://doi.org/10.3389/fped.2023.1020716
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Walther et al. 10.3389/fped.2023.1020716
11. Tobias JD. Tolerance, withdrawal, and physical dependency after long-term
sedation and analgesia of children in the pediatric intensive care unit. Crit Care
Med. (2000) 28(6):2122–32. doi: 10.1097/00003246-200006000-00079

12. Mulla H, McCormack P, Lawson G, Firmin RK, Upton DR. Pharmacokinetics of
midazolam in neonates undergoing extracorporeal membrane oxygenation.
Anesthesiology. (2003) 99(2):275–82. doi: 10.1097/00000542-200308000-00008

13. Nasr VG, Meserve J, Pereira LM, Faraoni D, Brediger S, Goobie S, et al. Sedative
and analgesic drug sequestration after a single bolus injection in an ex vivo
extracorporeal membrane oxygenation infant circuit. ASAIO J. (2019) 65(2):187–91.
doi: 10.1097/MAT.0000000000000793

14. Shekar K, Roberts JA, McDonald CI, Fisquet S, Barnett AG, Mullany DV, et al.
Sequestration of drugs in the circuit may lead to therapeutic failure during
extracorporeal membrane oxygenation. Crit Care. (2012) 16(5):R194. doi: 10.1186/
cc11679

15. Wildschut ED, Ahsman MJ, Allegaert K, Mathot RA, Tibboel D. Determinants
of drug absorption in different ECMO circuits. Intensive Care Med. (2010) 36
(12):2109–16. doi: 10.1007/s00134-010-2041-z

16. Mehta NM, Halwick DR, Dodson BL, Thompson JE, Arnold JH. Potential drug
sequestration during extracorporeal membrane oxygenation: results from an ex vivo
experiment. Intensive Care Med. (2007) 33(6):1018–24. doi: 10.1007/s00134-007-0606-2

17. Tolia VN, Patrick SW, Bennett MM, Murthy K, Sousa J, Smith PB, et al.
Increasing incidence of the neonatal abstinence syndrome in U.S. neonatal ICUs.
N Engl J Med. (2015) 372(22):2118–26. doi: 10.1056/NEJMsa1500439

18. Winkelman TNA, Villapiano N, Kozhimannil KB, Davis MM, Patrick SW.
Incidence and costs of neonatal abstinence syndrome among infants with Medicaid:
2004–2014. Pediatrics. (2018) 141(4):e20173520. doi: 10.1542/peds.2017-3520

19. Strahan AE, Guy GP Jr., Bohm M, Frey M, Ko JY. Neonatal abstinence
syndrome incidence and health care costs in the United States, 2016. JAMA Pediatr.
(2020) 174(2):200–2. doi: 10.1001/jamapediatrics.2019.4791

20. Hudak ML, Tan RC. Neonatal drug withdrawal. Pediatrics. (2012) 129(2):
e540–60. doi: 10.1542/peds.2011-3212

21. Davidson A, Flick RP. Neurodevelopmental implications of the use of sedation
and analgesia in neonates. Clin Perinatol. (2013) 40(3):559–73. doi: 10.1016/j.clp.2013.
05.009
Frontiers in Pediatrics 06
22. Ista E, van Dijk M, Gamel C, Tibboel D, de Hoog M. Withdrawal symptoms in
children after long-term administration of sedatives and/or analgesics: a literature
review. “assessment remains troublesome”. Intensive Care Med. (2007) 33
(8):1396–406. doi: 10.1007/s00134-007-0696-x

23. Nielsen S, Degenhardt L, Hoban B, Gisev N. A synthesis of oral morphine
equivalents (OME) for opioid utilisation studies. Pharmacoepidemiol Drug Saf.
(2016) 25(6):733–7. doi: 10.1002/pds.3945

24. Kerson AG, DeMaria R, Mauer E, Joyce C, Gerber LM, Greenwald BM, et al.
Validity of the Richmond Agitation-Sedation Scale (RASS) in critically ill children.
J Intensive Care. (2016) 4:65. doi: 10.1186/s40560-016-0189-5

25. Rosen DA, Rosen KR. Midazolam for sedation in the paediatric intensive care
unit. Intensive Care Med. (1991) 17(Suppl 1):S15–9. doi: 10.1007/BF01731149

26. Treu CN, Groth CM, Patel JH. The use of continuous ketamine for analgesia and
sedation in critically ill patients with opioid abuse: a case series. J Crit Care Med
(Targu Mures). (2017) 3(4):148–52. doi: 10.1515/jccm-2017-0026

27. Vadivelu N, Mitra S, Kaye AD, Urman RD. Perioperative analgesia and
challenges in the drug-addicted and drug-dependent patient. Best Pract Res Clin
Anaesthesiol. (2014) 28(1):91–101. doi: 10.1016/j.bpa.2014.02.003

28. Rapp SE, Ready BL, Nessly ML. Acute pain management in patients with prior
opioid consumption: a case-controlled retrospective review. Pain. (1995) 61
(2):195–201. doi: 10.1016/0304-3959(94)00168-E

29. Menon G, Boyle EM, Bergqvist LL, McIntosh N, Barton BA, Anand KJ.
Morphine analgesia and gastrointestinal morbidity in preterm infants: secondary
results from the NEOPAIN trial. Arch Dis Child Fetal Neonatal Ed. (2008) 93(5):
F362–7. doi: 10.1136/adc.2007.119297

30. Bellù R, de Waal KA, Zanini R. Opioids for neonates receiving mechanical
ventilation. Cochrane Database Syst Rev. (2005) (1):Cd004212. doi: 10.1002/
14651858.CD004212.pub2

31. Jadcherla SR, Berseth CL. Antroduodenal motility and feeding outcome among
neonatal extracorporeal membrane oxygenation survivors. J Pediatr Gastroenterol
Nutr. (2005) 41(3):347–50. doi: 10.1097/01.mpg.0000174331.00711.6d

32. Jackson BN, Kelly BN, McCann CM, Purdy SC. Predictors of the time to attain
full oral feeding in late preterm infants. Acta Paediatr. (2016) 105(1):e1–6. doi: 10.
1111/apa.13227
frontiersin.org

https://doi.org/10.1097/00003246-200006000-00079
https://doi.org/10.1097/00000542-200308000-00008
https://doi.org/10.1097/MAT.0000000000000793
https://doi.org/10.1186/cc11679
https://doi.org/10.1186/cc11679
https://doi.org/10.1007/s00134-010-2041-z
https://doi.org/10.1007/s00134-007-0606-2
https://doi.org/10.1056/NEJMsa1500439
https://doi.org/10.1542/peds.2017-3520
https://doi.org/10.1001/jamapediatrics.2019.4791
https://doi.org/10.1542/peds.2011-3212
https://doi.org/10.1016/j.clp.2013.05.009
https://doi.org/10.1016/j.clp.2013.05.009
https://doi.org/10.1007/s00134-007-0696-x
https://doi.org/10.1002/pds.3945
https://doi.org/10.1186/s40560-016-0189-5
https://doi.org/10.1007/BF01731149
https://doi.org/10.1515/jccm-2017-0026
https://doi.org/10.1016/j.bpa.2014.02.003
https://doi.org/10.1016/0304-3959(94)00168-E
https://doi.org/10.1136/adc.2007.119297
https://doi.org/10.1002/14651858.CD004212.pub2
https://doi.org/10.1002/14651858.CD004212.pub2
https://doi.org/10.1097/01.mpg.0000174331.00711.6d
https://doi.org/10.1111/apa.13227
https://doi.org/10.1111/apa.13227
https://doi.org/10.3389/fped.2023.1020716
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Impact of in utero drug exposure on neonates requiring ECMO: A retrospective cohort study
	Introduction
	Methods
	Participants
	Study design
	Sedation protocol
	Statistical methods

	Results
	ECMO patient population and baseline characteristics
	Sedation management during ECMO
	Clinical outcomes following ECMO
	Nutrition

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


