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Tolerance and Dependence in Neonates Sedated with Fentanyl

during Extracorporeal Membrane Oxygenation

John H. Arnold, M.D.,* Robert D. Truog, M.D.,* E. John Orav, Ph.D.,t
Joseph M. Scavone, Pharm. D., Marc B. Hershenson, M.D.§

We undertook a retrospective chart review of 37 neonates who
received fentanyl by continuous infusion while undergoing extra-
corporeal membrane oxygenation (ECMO) between May 1986 and
October 1988, We quantified the doses of all sedatives utilized, de-
términed the incidence of neonatal abstinence syndrome (NAS), and
identified risk factors associated with NAS. We determined peak
fentanyl infusion rate, mean fentanyl infusion rate, total fentanyl
dose, and duration of ECMO therapy. NAS was observed in 21 of
37 neonates (57%). In both the NAS and non-NAS neonates, mean
infusion rate increased steadily during ECMO therapy, from a mean
of 11.6 + 6.9 (SD) ug-kg™'-h™! on day 1 to a mean of 52.5 + 19.4
(SD) pg-kg™*-h™' by day 8. Total fentanyl dose and duration of
ECMO were significantly greater in neonates with NAS, We found
that neonates with a total dose > 1.6 mg/kg or an ECMO duration
> 5 days had a significantly greater incidence of NAS (chi-squared
test, P < 0,01 and P < 0.005; odds ratios = 7.0 and 13.9, respectively).
With multiple logistic regression, ECMO duration was found to be
the most powerful predictor of the occurrence of NAS. We also mea-
sured plasma fentanyl concentrations in a separate group of 5 ne-
onates receiving fentanyl by continuous infusion for sedation. Fen-
tanyl concentrations increased steadily during the period of infusion,
suggesting the development of tolerance to the sedating effects. We
conclude that continuous administration of fentanyl for sedation is
associated with the uniform development of tolerance and a signif-
icant incidence of dependence. Alternative approaches to sedation
should be investigated. (Key words: Anesthesia: neonate. Analgesics,
opioid: fentanyl. Complication, opioid: tolerance, dependence,
withdrawal.)

EXTRACORPOREAL MEMBRANE OXYGENATION (ECMO)
is widely used in the treatment of neonates with life-
threatening respiratory failure.! At our institution, ECMO
is used in the management of some neonates with me-
conium aspiration, sepsis, pneumonia, birth asphyxia,
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congenital diaphragmatic hernia, and idiopathic persistent
pulmonary hypertension.? Intravenous sedation in these
patients is essential to provide hemodynamic stability and
compliance with mechanical ventilation and to limit
movement that might result in accidental dislodgement
of the vascular cannulae. We chose fentanyl sedation for
these patients because of the absence of significant he-
modynamic effects,® the increased survival in neonates
with congenital diaphragmatic hernia sedated with fen-
tanyl in the postoperative period,* and the ablation of
pulmonary vascular responsiveness induced by fentanyl.?

We observed that neonates undergoing ECMO often
require unexpectedly large doses of fentanyl to achieve
adequate sedation. Furthermore, these neonates often
exhibit the neonatal abstinence syndrome (NAS)®7 when
they are weaned from fentanyl infusion. We therefore
undertook a retrospective chart review of all neonates
treated with ECMO to quantify the doses of all sedatives
utilized, to determine the incidence of NAS, and to iden-
tify risk factors associated with NAS. In addition, to clarify
the basis for the high dose of fentanyl administered, we
measured plasma fentanyl concentrations in five addi-
tional neonates.

Materials and Methods

After exclusion of neonates with congenital diaphrag-
matic hernia, 50 neonates were treated with ECMO be-
tween May 1986 and October 1988. We excluded neo-
nates with congenital diaphragmatic hernia because of
their high mortality, which precluded adequate follow-
up for the detection of NAS. Thirty-seven records were
available for review. The study group included 22 neo-
nates with meconium aspiration syndrome, 8 with pneu-
monia, 3 with idiopathic persistent pulmonary hyperten-
sion, 2 with hyaline membrane disease, 1 with blood as-
piration, and 1 with amniotic fluid aspiration.

After an initial bolus of fentanyl (10-20 ug/kg) during
surgical placement of vascular cannulae, fentanyl was ad-
ministered by continuous infusion. The fentanyl infusion
rate was adjusted by the patient’s physician to render the
neonates sedated but arousable. Adequate sedation was
indicated by minimal movement or discomfort in response
to routine patient care, including tracheal suctioning.
Benzodiazepines frequently were added for their addi-
tional sedative effect.® In order to permit periodic neu-
rologic examination, these neonates did not receive mus-
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TABLE 1. Neonatal Abstinence Scoring System

Signs and Symptoms Score Signs and Symptoms Score

Cry Generalized convulsions 5
Excessive 2 Sweating 1
Continuous 3 Fever

Sleep (h) after feeding <101° 1
<lh 3 >101° 2
<2h 2 Mottling 1
<3h 1 Nasal stuffiness 1

Moro reflex Sneezing (>3 or 4 times/interval) 1
Hyperactive 2 Nasal flaring 2
Markedly hyperactive 3 Respiratory rate

Tremors >60/min. (with retractions) 1
Mild disturbed 1 >60/min 2
Moderate-severe disturbed 2 Excessing sucking 1
Mild undisturbed 3 Poor feeding 2
Moderate-severe undisturbed 4 Regurgitation 2

Increased muscle tone 2 Projectile vomiting 3

Frequent yawning (> 3 or 4 times/interval) 1 Stools

Excoriation 1 Loose 2

Myoclonic jerks 3 Watery 3

Modified from Finnegan LP: Neonatal abstinence, Current Therapy

cle relaxants. After removal of the vascular cannulae, the
fentanyl infusion rate was decreased as tolerated to allow
separation from mechanical ventilation and to facilitate
enteral feeding. Nonopioid sedatives, including benzo-
diazepines, chloral hydrate, and phenobarbital were
maintained until the opioids were discontinued, after
which the dose was gradually decreased.

We examined patient records for the following vari-
ables: peak fentanyl infusion rate, defined as the highest
infusion rate during treatment with ECMO; mean fen-
tanyl infusion rate for each ECMO day; total fentanyl
dose for the entire ECMO period; and duration of ECMO
therapy. For neonates who received sufentanil in addition
to fentanyl (n = 5), a 7:1 potency ratio with fentanyl was
assumed for subsequent data analysis. All neonates were
examined for signs of the NAS according to the abstinence
scoring system of Finnegan et al.T (table 1). Neonates with
an abstinence score of 8 or greater were considered to
have NAS and received pharmacologic intervention, in-
cluding oral or intravenous opioids, as described previ-
ously.” The opioid dose was adjusted upward or down-
ward based on serial abstinence scoring, with progressive
decrease of the opioid dose as the abstinence score de-
creased.

We also measured plasma fentanyl concentrations in a
similar but separate group of five neonates undergoing
ECMO between July and September 1989, Informed
consent was obtained prior to blood sampling in accor-

{ Finnegan LP, Connaughton JF, Jr, Kron RE, Emich JP: Neonatal
abstinence syndrome: Assessment and management. Addictive Diseases
2:141-158, 1975

in Neonatal and Perinatal Medicine. Edited by Nelson NM. St. Louis,
CV Mosby, 1985, pp 262-272.

dance with guidelines established by The Children’s Hos-
pital Committee on Clinical Investigation. These neonates
were sedated in the same manner as outlined above. Hep-
arinized samples were collected in glass tubes and pro-
tected from contact with rubber or plasticizer. Plasma
was separated by immediate centrifugation and the sam-
ples were stored at —20° C until analysis. Plasma fentanyl
concentration was determined with gas chromatography
using nitrogen—phosphorus detection with a lower limit
of detection of 0.5 ng/ml and a 6.9% coefficient of vari-
ation at a concentration of 1.0 ng/ml.

Peak infusion rate, mean infusion rate, total dose, and
duration of ECMO in patients with and without NAS were
compared by unpaired ¢ tests as well as by Wilcoxon’s
rank sum tests. Two-by-two contingency tables and chi-
squared tests were used to define thresholds for the total
dose and the ECMO duration that significantly increased
the likelihood of NAS. Multiple logistic regression was
used to identify risk factors for the development of NAS.

Results

The study group included 25 males (68%) and 12 fe-
males (32%) with a mean birth weight of 2892 + 699 (SD)
g. All neonates in the study group survived for at least 2
weeks after ECMO therapy. The average duration of
ECMO therapy was 5.2 + 1.7 (SD) days. For the entire
group of neonates, peak infusion rate was 33.1 & 22.5
(SD) ug-kg™'-h™'. NAS was observed in 21 neonates
(57%). In both the NAS and non-NAS neonates, mean
infusion rate increased steadily during ECMO therapy,
from a mean of 11.6 * 6.9 (SD) ug-kg™' +h™" on day 1
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TABLE 2. Group Mean Data
NAS no-NAS
(n=21) (n=16) P
PFIR yg-kg™'-hr™' | 37.9+26.0 | 26.9+155 NS

TFD (mg/kg) 34+ 25 1.8+ 1.5 0.03
ED (days) 6.0+ 1.4 42+ 1.7 0.001
Mean * SD.

Peak fentanyl infusion rate (PFIR), total fentanyl dose (TFD) and
ECMO duration (ED) compared in the NAS and no-NAS patients.

to a mean of 52.5 + 19.4 (SD) ug-kg™'-h™! on day 8.
Five neonates (3 in the NAS group and 2 in the non-NAS
group) received, in addition to fentanyl, sufentanil by
continuous infusion. Midazolam or lorazepam or both
were administered to all neonates except 1 in the NAS
group.

Total dose and ECMO duration were significantly
greater in neonates with NAS (table 2). Peak infusion rate
did not differ significantly between the two populations.
When mean infusion rate was plotted against ECMO day,
there was no significant difference between the NAS and
non-NAS neonates (see fig. 1).

Using two-by-two contingency tables, we defined
thresholds for the total dose and the ECMO duration that
significantly increased the likelihood of NAS. We found
that neonates with a total dose > 1.6 mg/kg (fig. 2) or
an ECMO duration > 5 days (fig. 3) had a significantly
greater incidence of NAS (chi-squared test, P < 0.01 and
P < 0.005; odds ratios = 7.0 and 13.9, respectively). Total
fentanyl dose predicted the occurrence of NAS with a
sensitivity of 76% and specificity of 69%, whereas ECMO
duration described the population with a sensitivity of
76% and specificity of 81%.

By multiple logistic regression, ECMO duration was
found to be the most powerful predictor of the occurrence
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FIG. 1. Mean fentanyl infusion rate versus ECMO day for NAS and

no-NAS patients (mean * SD). There were no significant differences
between the groups for any ECMO day.
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F16. 2. Total fentanyl dose in the NAS and no-NAS groups. Total
fentanyl dose >1.6 mg/kg (dashed line) detected the occurrence of
NAS (odds ratio 7.0) with a sensitivity of 76% and specificity of 69%.

of NAS. Total dose was a statistically significant predictor
of NAS when considered alone in the model, but did not
add to the predictive value of ECMO duration in the mul-
tivariate model (table 3).

Plasma fentanyl concentrations were measured in a
separate group of five neonates undergoing ECMO. This
group included three females and two males with a mean
birth weight of 3056 + 529 (SD) g. The average duration
of ECMO therapy for these neonates was 7.8 + 4.5 days.
Fentanyl was administered to this group of neonates by
the same protocol described above. By the unpaired ¢ test,
there were no significant differences in peak infusion rate
(16.0 + 4.8 ug-kg™' - h™"), total fentanyl dose (2.5 + 1.8
mg/kg), or daily mean fentanyl infusion rate between this
group of neonates and the study group described above.
Fentanyl concentrations increased steadily during the
course of ECMO therapy (fig. 4).
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Fi1G. 3. ECMO duration in the NAS and no-NAS groups. ECMO
duration >5 days (dashed line) detected the occurrence of NAS (odds
ratio 13.9) with a sensitivity of 76% and specificity of 81%.
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Discussion

We report the uniform development of tolerance and
a high incidence of opioid dependence in neonates re-
ceiving prolonged fentanyl infusion during ECMO. Tol-
erance was demonstrated by the steady increase in fen-
tanyl infusion rate in combination with increasing plasma
fentanyl concentrations required to maintain the desired
clinical effect. Opioid dependence was evidenced by a high
incidence of NAS as the fentanyl dose was decreased dur-
ing weaning from mechanical ventilation.

The retrospective nature of this study implies that there
was no prospectively determined endpoint of clinical effect
and that a variety of observers were responsible for
changes made in the sedation regimen. Nevertheless, the
clinical practice of medicating these neonates until they
exhibited minimal movement or discomfort in response
to routine patient care, including tracheal suctioning, was
sufficiently precise to indicate a clear escalation in the
dose of fentanyl required.

During the period of ECMO therapy and fentanyl se-
dation, patients were arousable and in many cases breath-
ing spontaneously. Since measured plasma fentanyl con-
centrations were similar to concentrations documented
to produce anesthesia in newborn infants when fentanyl
is used as the sole anesthetic,’ we conclude that these pa-
tients exhibited tolerance to the sedating properties of
fentanyl.

Tolerance to the analgesic effects of morphine ™" and
fentanyl'? can develop as rapidly as 3 h after a large initial
dose. Several animal studies suggest that duration of re-
ceptor occupancy is the most important factor in the de-
velopment of tolerance and dependence'®!* and that
continuous administration of opioids produces tolerance
more rapidly than does intermittent administration.'5-7

10,11

TABLE 3. Multiple Logistic Regression

Significance Qdds Ratio
Model Predictors* Cocfficient Level {95% Confidence Interval)
It ED 0.870 0.035 2.4 (1.1,5.3)
TFD 0.048 0.857 0.95 (0.56, 1.6)
2f ED>5 2.2 0.033 9.0 (1.2,71.5)
TFD >1.6 0.61 0.545 1.8 (0.25, 13.5)

Multiple logistic regression examining ECMO duration (ED) and
total fentanyl dose (TFD) as continuous and discrete predictors of the
occurrence of NAS.

Model 1: ED and TFD treated as continuous predictors.

Model 2: ED discretized to <5 or >5 days, and TFD discretized to
<1.6 or >1.6 mg/kg.

* PFIR was examined using logistic regression but not found to be
predictive either alone or in conjunction with ED or TFD.

1 The odds ratio should be interpreted as the increased risk asso-
ciated with each additional ECMO day and each milligram-per-kilogram
increase in TFD.

I The odds ratio should be interpreted as the increased risk asso-
ciated with having ED >5 or having a TFD >1.6 mg/kg.
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FIG. 4. Plasma fentanyl concentrations are plotted
by ECMO day for five patients.

Fentanyl by continuous infusion, therefore, may have
promoted the rapid development of tolerance in our pa-
tients.

Binding to the membrane oxygenator and extracor-
poreal circuit has been shown to reduce plasma fentanyl
concentrations in patients undergoing extracorporeal
circulation.'®*# If binding of fentany! to the ECMO cir-
cuit were the primary explanation for the large infusion
rates observed, one would expect the infusion rates to
decrease with time as the circuit became saturated. How-
ever, since both infusion rates and fentanyl concentrations
rose steadily during ECMO therapy in the five patients
for whom these data are available, the high fentanyl in-
fusion rates were not entirely the result of sequestration
by the extracorporeal circuit.

Dependence is an alteration in physiologic responses
produced by repetitive drug administration and requiring
continued use to avoid symptoms of withdrawal or absti-
nence. The abstinence syndrome after withdrawal of
opioids has been well described in adults, children, and
neonates. Withdrawal symptoms usually are associated
with prolonged administration of opioids (days to weeks).
However, acute opioid physical dependence has been
demonstrated in animals within 3 days after a single dose
of morphine.'® In our study population, we noted NAS
in 57% (21 of 37) despite a relatively brief duration of
opioid exposure.

An abstinence syndrome has been described in infants
after the abrupt discontinuation of benzodiazepines.? In
our patients, however, benzodiazepines were maintained
until the opioids were completely discontinued. The ab-
stinence syndrome we observed occurred while the fen-

** Rosen DA, Rosen KR: A comparison of fentanyl uptake by three
different membrane oxygenators. ANESTHESIOLOGY 65:A128, 1986
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tanyl dose was being decreased and before the benzodi-
azepine dosage was reduced.

It is likely that many of the symptoms of NAS in our
patients were precipitated also by our attempts to facilitate
enteral feeding by decreasing the opioid dose as rapidly
as possible. Nutrition is essential to the therapy of respi-
ratory insufficiency in any neonatal population®! and par-
ticularly in the ECMO patient who may not tolerate en-
teral feeding for several weeks. The benefits of enteral
feeding therefore must be weighed against the risks of
NAS in selecting an optimal rate at which to decrease the
opioid dosage.

We have identified a threshold for total opioid dose
and duration of infusion that would identify those patients
most likely to manifest NAS (figs. 2 and 3). Neonates with
a total dose greater than 1.6 mg/kg or ECMO duration
greater than b days appeared to have a significantly
greater likelihood of developing NAS. However, these
data must be validated by prospective evaluation in a large
patient population.

Until very recently, newborns rarely received adequate
analgesia or anesthesia during surgical procedures.?? Re-
cent trends in the practice of anesthesiology have greatly
diminished this inhumane practice, but as is frequently
the case with advances in medicine, this change has come
at the price of unanticipated complications and side effects.
We conclude that continuous administration of fentanyl
for sedation is associated with the uniform development
of tolerance and a significant incidence of dependence.
Alternative approaches to sedation should be investigated.
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