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Abstract

Background—Pupil diameter is a frequently assessed objective index of the pharmacodynamic
effects of opioids in adults, but to our knowledge has never been examined in infants. Such a
measure could improve assessment and treatment of neonates exposed to opioids in utero. The
present study examined changes in pupil diameter after opioid administration in opioid-exposed
infants who required pharmacological treatment for neonatal abstinence syndrome (NAS) to test
the feasibility of using pupil diameter as a measure of opioid effects in these infants.

Methods—Ten infants (2—7 days old) receiving methadone (0.4-0.5 mg every 12 hours) for the
treatment of NAS participated. A picture of one of each infant's eyes was taken under controlled
illumination conditions with a standard digital camera just prior to dosing and 0-1, 2—4, 5-7, and
8-10 hours after dosing. The diameters of the pupil and iris were measured and relative pupil
diameter (pupil diameter expressed as a percentage of iris diameter) was analyzed.

Results—Mean (+SE) relative pupil diameter decreased significantly after dosing from 41+2%
to 29+2%. After dosing, a significant increasing linear trend was observed over time, with values
of 29+2%, 33+3%, 38+3%, and 41+3% at 0-1, 2-4, 5-7, and 8-10 hours after dosing.

Conclusions—Infant pupils respond to opioid administration in the same sensitive, orderly
manner as is commonly observed in adults. Pupil diameter appears to be an objective, sensitive
measure of neonatal response to opioids that may be a useful complement to, or perhaps at times a
replacement for, observer-rated scale scores.
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1. Introduction

Prenatal opioid exposure is a rapidly growing public health problem due to continued heroin
abuse and alarming increases in prescription opioid abuse by pregnant women (Patrick et al.,
2012). Both illicit and licit opioid dependence during pregnancy is associated with adverse
consequences for the neonate, including a high incidence of neonatal abstinence syndrome
(NAS), a disorder characterized by central nervous system hyperirritability, gastrointestinal
dysfunction, respiratory distress, and autonomic dysregulation (Finnegan et al., 1975).
Extended hospitalization (4 days minimum) is recommended to monitor NAS in all opioid-
exposed neonates. At least 50% will require pharmacological treatment to manage their
NAS (Cleary et al., 2010; Jones et al., submitted), resulting in hospital stays of 8-79 days
(Kraft et al., 2011) and dramatically increasing costs. A recent report conservatively
estimated that the total US hospital charges to care for infants with NAS currently exceed
$700 million per year (Patrick et al., 2012).

The only tools currently available for evaluating the need for and effectiveness of
pharmacological treatment for NAS are observer-rated scales. The most commonly used
observer-rated scales (e.g., Finnegan Scale, Lipsitz tool) were developed and underwent
rudimentary validation testing in the mid-1970s, driven by dramatic increases in the number
of opioid-exposed neonates as a result of an epidemic of heroin use (Hughes and Rieche,
1995). While the development and dissemination of observer-rated scales was an important
advance in the assessment and treatment of NAS, the scales have some shortcomings that
limit their utility. For example, there are concerns regarding the lack of rigorous
psychometric testing to establish reliability and validity as well as the lengthy training and
administration times required to accurately administer most observer-rated scales (American
Academy of Pediatrics, 1998; Jones, 2011; O’Brien et al., 2004). Increasing calls for the
development of more objective and sensitive measures of NAS (Jones, 2011; O’Brien et al.,
2004; Velez et al., 2009) prompted us to investigate pupil diameter as a potential marker of
infant response to opioid administration.

In adults, pupil diameter is a frequently assessed objective index of the pharmacodynamic
effects of opioids (see review by Loewenfeld, 1999). For example, opioid administration
results in pupil constriction, followed by predictable, progressive dilation over time as the
drug is metabolized (e.g., Fraser and Isbell, 1952a; 1952b; Fraser et al., 1954). The
magnitude and time course of pupillary effects vary according to the pharmacodynamics and
pharmacokinetics of the opioid. For example, milligram for milligram, methadone is more
potent than morphine and has a longer duration of action. Consistent with this profile, pupil
constriction is four-fold greater and lasts significantly longer after 30 mg of oral methadone
vs. morphine (Fraser et al., 1954). Pupil diameter measures also (1) correlate significantly
with self-report and observer-rated measures of withdrawal (e.g., Fraser et al., 1954; Higgins
et al., 1985; Jasinski et al., 1978), (2) are an index of the severity of tolerance (e.g., Higgins
et al., 1985), and (3) differentiate between dependent and nondependent populations (e.g.,
Tress et al., 1978). These results underscore the elegant, orderly relationship between
opioids and pupil diameter in adults.

Although the pupillary effects of opioids are well documented in adults, to our knowledge,
they have not been examined in neonates. While the pressing need for more objective and
sensitive measures of NAS is perhaps the primary motivation for exploring pupil diameter in
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infants, it is by no means the only motivation. Opioid withdrawal also occurs in upwards of
60% of infants and children treated with opioids following surgery or other serious illnesses
and recent reviews have noted the dearth of valid and reliable methods to measure opioid
effects in pediatric populations (Anand et al., 2010; Ista et al., 2007). With more than 5
million pediatric surgeries performed each year in the US alone (Cullen et al., 2009; Hall et
al., 2010), development of an objective, sensitive measure of withdrawal could be a
significant advance in the assessment and treatment of opioid withdrawal that develops
iatrogenically as well as after passive prenatal exposure.

As a first step in this direction, the primary aim of the present study was to examine pupil
diameter in neonates receiving pharmacological treatment for NAS related to in utero
exposure. Specifically, the time course of changes in neonatal pupil diameter in response to
methadone, the first-line NAS treatment medication at our university-affiliated hospital, was
measured to test whether neonatal pupils respond to opioids in an orderly, graded manner
dependent on time since administration as is so well established in adults.

2. Methods
2.1 Participants

Participants were 10 neonates exposed to opioids in utero and requiring pharmacological
treatment for NAS (Table 1). Infants had to have been full term at delivery (> 37 weeks
estimated gestational age) since the pupillary reflex is altered in pre-term infants (Cocker et
al., 2005). Infants also could not have any obvious ocular problems or any serious medical
conditions (e.g., need for intubation or surgery). At the time of the present study, all
neonates had been stabilized (i.e., dose had not changed for 24 hours) on methadone (0.4-
0.5 mg every 12 hours). The study was approved by the University of Vermont Institutional
Review Board and parental informed consent was obtained for each neonate.

2.2 Procedures

Prior to administration of the next dose of methadone, light levels were measured with a
luxometer and adjusted as needed. Within each neonate, all digital photographs to measure
pupil diameter were taken at the same lux level (= 2 lux) and all neonates were
photographed between 20-40 lux. At least one minute was allowed to elapse between
establishing light levels and taking photographs. At least 5 minutes were allowed to elapse if
the neonate had just awakened (Reeves, 1920). All efforts were made to obtain pictures
while the neonate was calm, generally while the infant was lying in a pram or being held by
a nurse or parent. The same eye was photographed each time within individual neonates to
control for anisocoria (i.e., unequal pupil sizes; Isenberg et al., 1989; Roarty and Keltner,
1990).

All photographs were taken by the second author using an Olympus Stylus 770 SW 7.1
megapixel digital camera set on macro with an automatic flash. The camera’s image capture
speed was much shorter than the minimum latent period of the pupillary light reflex (<10
milliseconds vs. 180 millisecond; Lowenfeld, 1999); thus, the flash did not alter the size of
the pupil in the resulting image, but did make the boundaries of the pupil and iris on the
resulting image crisper, facilitating measurement. Other studies measuring pupil diameter in
infants, children, and adults have used this same procedure (MacLachlan and Howland,
2002; Roarty and Keltner, 1990; Twa et al., 2004). Every attempt was made to hold the
camera on the same horizontal and vertical plane as the eye that was being photographed.
The minimum focal distance of the camera was 6-8 inches, so the camera was positioned
approximately 8-10 inches from the eye to ensure a focused shot. To be considered a valid
image, the resulting picture had to include at least a full horizontal slice of the eye consisting
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of the middle of the pupil, the surrounding iris and some sclera visible on both sides of the
iris. If more than one photograph was required (approximately 20% of all photos), at least
one minute was allowed to elapse between them to allow the pupil to recover from the flash
of the camera (MacLachlan and Howland, 2002).

A second photograph was taken within the first hour after methadone administration as the
adult literature suggests significant constriction should occur during this time (McCaul et al.,
1982). If the neonate fell asleep before this photograph was taken, their eyelid was gently
manually retracted to facilitate photography, a common practice in eye photography with
infants (e.g., Cocker et al., 2005). Subsequent digital photographs were timed to coincide
with routine clinical assessments of the infants every 3 hours (£ 1 hour) until the next
methadone dose was administered. Thus, photographs were taken 0-1, 2-4, 5-7, and 8-10
hours after dosing for a total of 4 photographs per infant post-dosing.

2.3 Photograph processing and measurement

Digital photographs were downloaded onto a computer. They were cropped using XnView
(Version 1.97.8, freeware developed by P-e Gougelet) so that only the target eye was visible
and rotated, if necessary, so that the corners of the eye were on the same horizontal plane.
The files were then renamed with a random unique number to allow for blind coding.

The first author, who was blind to the infant photographed and time of each photo, made all
pupil and iris measurements using ImageJ (Version 1.43; Rasband, 2011). The horizontal
width of the pupil at its widest point was measured in pixels and then the width of the iris
was measured along the same horizontal plane. The relative size of the pupil was calculated
by dividing pupil width by iris width and multiplying the result by 100. Relative pupil
diameter controlled for any variations in the vertex distance (i.e., the distance from the
camera lens to the front of the participant’s eye), a strategy that has been used successfully
in other studies of fetal and neonatal eye function (Birch and Held, 1982; Lopez, 2011; Shea
etal., 1985).

2.4 Data analysis

3. Results

A MANOVA was used to test for differences across time points in relative pupil diameter. A
univariate repeated measures ANOVA (SAS, PROC MIXED) was also used in order to
construct specific contrasts to test for a difference between pre- and post-dosing means and
to evaluate the quantitative temporal trends over the four post-dosing time points (i.e. linear,
quadratic, and cubic). For the evaluation of quantitative trends, the spacing associated with
the post-dosing time points were based on the midpoints of the assessment intervals (0.5, 3,
6 and 9 hours). The univariate repeated measures ANOVA utilized compound symmetry as
a covariance structure based on Akaike’s Information Criterion (AIC). Analyses were
performed using SAS statistical software Version 9 (SAS Institute, Cary, NC). Statistical
significance was determined based on a = .05.

3.1 Pupillary response

There were orderly, significant changes over time for relative pupil diameter (MANOVA
F4 6=15.0, p=.003) (Figure 1). Relative pupil diameter decreased significantly after
dosing (£ 36 =54.9, p <.001). After dosing, a significant increasing trend was observed over
time across assessments (linear trend, ;36 =58.3, p <.001) with no significant higher order
trends (quadratic, £ 36 =3.16, p=.08 and cubic, F; 36 =0.07, p=.78).
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4. Discussion

The primary aim of this study was to examine the sensitivity of neonatal pupil diameter in
response to methadone dosing to test whether neonatal pupils respond to opioids in an
orderly, graded manner that is comparable to the well-characterized changes observed in
adults. The results provide strong evidence that infant pupillary response is indeed highly
sensitive to opioid agonist medications. Neonatal pupil diameter decreased significantly
following methadone administration, then gradually increased over time, returning to pre-
treatment levels by 8-10 hours after dosing. These results demonstrate the feasibility of
using pupil diameter as an objective, sensitive measure of neonatal response to opioids.

Having demonstrated that neonatal pupils respond to opioid administration in an orderly,
time-sensitive manner comparable to that seen in adults, the rich adult literature suggests
other studies that could be done to investigate the utility of this measure in managing
neonatal opioid exposure. One brief example is the observation that pupillary response
differentiates between opioid-dependent and non-dependent adults (e.g., Tress and EI-
Sobky, 1979). Demonstrating that opioid-exposed neonates exhibit greater pupil dilation
after delivery compared to non-exposed neonates would provide additional evidence of the
validity of pupil diameter as a measure of NAS, but could also have clinical applicability, as
it is often difficult to differentiate signs of common neonatal problems such as colic,
infection, and metabolic disorders from signs of opioid withdrawal when exposure status is
unknown (American Academy of Pediatrics, 1998).

Limitations of the present study include the small sample size and lack of information about
neonatal exposure to other licit and illicit drugs. Despite these limitations, results of this
feasibility study suggest that pupil diameter is an objective, sensitive measure of opioid
exposure. Further research is warranted to examine whether pupillary response is a useful
complement to, or perhaps at times a replacement for, observer-rated scale scores when
treating the growing number of neonates exposed to opioids in utero as well as infants and
children receiving chronic opioid treatment as part of routine medical care.
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Figure 1.

Mean (£ SE) relative pupil diameter for 10 neonates exposed to opioids in utero who
required pharmacological treatment for NAS postnatally. Neonates were stabilized on
methadone (0.4-0.5 mg every 12 hours) and relative pupil diameter measurements were
calculated from pictures taken just prior to dosing (Pre) and 0-1, 2-4, 5-7, and 8-10 hours
after dosing. * Indicates the 0-1 time point is significantly different from the Pre time point
(p<.001). ** Indicates a significant linear time trend across the 4 post-dosing time points (p
<.001).
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Table 1
Participant Characteristics (N=10)
Methadone-
treated neonates

Characteristics (N=10)
Sex (% male) 70
Race (% White) 100
Prenatal exposure (%)

Buprenorphine maintenance 60

Methadone maintenance 30

Not stated in medical record 10
Estimated gestational age at birth (weeks) 39.6+1.3
Birthweight (g) 3235.7 +391.2
Apgar scores at birth

1 minute 79+10

5 minutes 9.0+0.0
Age at time of pupil study participation (days) 40+16
Methadone dose (mg/kg) every 12 hours 0.44 + .05

Note: Values are mean (+ SD) unless otherwise indicated.
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