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(7) ABSTRACT

A non-invasive bedside tool for monitoring central nervous
system effects of opioids. The tool illustratively comprises a
quantitative pupillometry system for predicting a probability
of at least one opioid-related central effect based on detected
pupillary effects.
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QUANTITATIVE PUPILLOMETRY AS A
BEDSIDE PREDICTOR OF POSTOPERATIVE
RESPIRATORY DEPRESSION

CROSS-REFERENCE FOR RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/117,171 filed on Feb. 17, 2015, the
entire disclosure of which is hereby expressly incorporated
by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under RR026314 awarded by the National Institutes of
Health. The government has certain rights in the invention.

BACKGROUND AND SUMMARY

[0003] Thepresentinvention relates generally to periopera-
tive pain management and, more particularly to a non-inva-
sive bedside tool for monitoring central nervous system
effects of opioids, including postoperative respiratory depres-
sion.

[0004] Opioids are commonly used analgesics to manage
severe pain following surgery in children. In the United States
alone, approximately 6 million children undergo painful sur-
geries each year. However, inadequate pain relief and serious
side effects from perioperative opioids occur in up to 50% of
such children because clinicians continue to titrate morphine
based on pain scores alone to gain satisfactory analgesia in
children, despite the use of morphine for acute pain relief for
over a century. Such a clinical practice fails to take into
account increased central nervous system adverse effects
caused with higher opioid doses. An example of a serious side
effect caused by the use of opioids in children includes res-
piratory depression, which is a life-threatening adverse effect.
These problems exist and continue to occur because of nar-
row therapeutic indices, large and unpredictable inter-patient
variability in responses to opioids, and a lack of bedside
biomarkers predictive of inter-individual pharmacodynamic
variability and the morphine concentration-response relation-
ship for acute pain management in children.

[0005] Thus, in order to optimize analgesia while avoiding
unnecessary adverse effects, better and/or proactive risk pre-
diction and tailored interventions are desired. With current
standard clinical practice, it is difficult to proactively identify
children at risk for serious opioid adverse effects at bedside.
Safe and effective analgesia following surgery is an unmet
clinical need in children as a result of our incomplete under-
standing of central nervous system (CNS) effects of opioids
in terms of pharmacokinetics and predictive tools of opioid-
induced respiratory depression.

[0006] A quantitative pupillometry (QP) system of the
present disclosure may serve as a real-time tool to guide
opioid titration, and has substantial potential for optimizing
analgesia and reducing central nervous system adverse
effects by opioids, including respiratory depression. This
quantitative pupillometry system may identify children at
risk for central opioid adverse effects, especially respiratory
depression, before they occur clinically based on high sensi-
tivity and reliability of serial quantitative pupillometry mea-
sures in children. Thus, the use of the quantitative pupillom-
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etry system of the present disclosure may avoid prolonged
hospital stays and deaths associated with opioid-induced res-
piratory depression.

[0007] The illustrative quantitative pupillometry system of
the present disclosure is a non-invasive innovative bedside
tool for monitoring CNS effects of opioids. Opioids such as
morphine cause miosis and altered pupillary reaction time.
Bedside quantitative pupillometry is shown to be safe, non-
invasive, well-tolerated by children of 1 to 18 years of age,
and relatively easy to use with minimal training. The pupil-
lary response to painful stimuli has been proven to be a more
sensitive marker than the associated hemodynamic changes
of heart rate and systolic blood pressure in children under
sevoflurane anesthesia with pupillometry values showing a
significant increase in pupil size immediately after the skin
incision followed by a rapid decrease in pupil size immedi-
ately after the administration of alfentanil. Though quantita-
tive pupillometry has been successfully used to measure CNS
analgesic effects of opioids, it has not been studied to assess
opioid’s risk of CNS adverse effects such as respiratory
depression in children.

[0008] Illustratively, the quantitative pupillometry system
ofthe present disclosure includes a handheld pupillometer for
use as a bedside, real-time, non-invasive tool to proactively
predict an individual child’s risk for postoperative respiratory
depression. Preliminary perioperative morphine pharmacoki-
netic data, serial quantitative pupillometry, clinical outcome
and genetic data from 300 children undergoing tonsillectomy
suggest that inter-individual variability in response to mor-
phine in children can be predicted and better assessed at
bedside by quantitative pupillometry. Some children are at
higher risk than others for respiratory depression and it is hard
for clinicians to proactively identify at-risk children and tailor
their use of opioids. Preoperative genotyping and monitoring
of safe opioid levels are not routinely performed in children
undergoing surgical procedures to identify and minimize an
individual’s risk with opioids. Current practice of morphine
administration is based on pain scores alone and is subopti-
mal and risky as it does not balance against increased adverse
effects including respiratory depression with higher opioid
doses. Preliminary data suggest that serial quantitative pup-
illometry measures correlate with morphine’s pharmacoki-
netics and can potentially help to identify children at risk of
postoperative respiratory depression.

[0009] The illustrative quantitative pupillometry system is
configured to tailor perioperative pain management in chil-
dren to individual needs, to improve safety and reduce cost of
perioperative care with the right dose of the right analgesic for
each child. The illustrative system is configured to determine
how serial non-invasive objective quantitative pupillometry
measures correlate with morphine’s pharmacokinetics and
postoperative respiratory depression in children. The system
is based on perioperative quantitative pupillometry measures
in children correlating with morphine’s pharmacokinetics
and proactively predicting postoperative opioid-related res-
piratory depression.

[0010] The illustrative quantitative pupillometry system as
anon-invasive, real-time, sensitive bedside tool to objectively
measure pupil size and its reaction to light, can be an effective
method of assessing CNS effects of opioids. Once mor-
phine’s pharmacokinetics and CNS pharmacodynamics are
reliably and non-invasively captured with the quantitative
pupillometry, it will be possible to better identify children at
risk for postoperative opioid-induced respiratory depression
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without invasive serial pharmacokinetic sampling when lack-
ing routine preoperative genotyping.

[0011] Operation of the quantitative pupillometry system is
based on the following principles: (1) determining pupillary
effects of intraoperative morphine and correlating with mor-
phine’s pharmacokinetics in children undergoing tonsillec-
tomy; and (2) predicting postoperative opioid-induced respi-
ratory depression in children undergoing tonsillectomy with
perioperative quantitative pupillary measures.

[0012] The quantitative pupillometry system of'the present
disclosure is an innovative bedside biomarker of CNS effects
and pharmacokinetics of opioids that narrows the current
critical knowledge gap by proactively identifying children at
risk for postoperative respiratory depression. This enables
proactive risk prediction and thereby personalized use of the
right analgesics at the right dose in children to maximize pain
relief while minimizing adverse effects.

[0013] According to an illustrative embodiment of the
present disclosure, a quantitative pupillometry system for
predicting postoperative respiratory depression includes a
pupillometer having an image acquisition device and a stimu-
lus light source, the image acquisition device being config-
ured to detect pupillary effects from a pupil of a patient in
response to light from the stimulus light source being applied
to the pupil. The quantitative pupillometry system further
includes a memory unit storing opioid pharmacokinetic data,
and a processor in communication with the pupillometer and
the memory unit. The processor includes a pharmacokinetic
association module for associating the opioid pharmacoki-
netic data with anticipated pupillary effects, and a respiratory
depression prediction module for predicting a probability of
opioid-related respiratory depression by comparing the
anticipated pupillary effects from the pharmacokinetic asso-
ciation module and the detected pupillary effects from the
pupillometer. The quantitative pupillometry system further
includes a user interface in communication with the proces-
sor, the user interface being configured to provide the predic-
tion of the probability of opioid-related respiratory depres-
sion from the respiratory depression prediction module to a
user.

[0014] According to a further illustrative embodiment of
the present disclosure, a quantitative pupillometry system for
predicting a probability of at least one opioid-related central
effect includes a pupillometer including an image acquisition
device and a stimulus light source, the image acquisition
device being configured to detect pupillary effects from a
pupil of a patient in response to light from the stimulus light
source being applied to the pupil. The quantitative pupillom-
etry system further includes a processor in communication
with the pupillometer, the processor including an opioid-
related central effect prediction module for predicting a prob-
ability of at least one opioid-related central effect in response
to the pupillary effects detected by the pupillometer. The
quantitative pupillometry system furtherincludes a user inter-
face in communication with the processor, the user interface
being configured to display the prediction of the probability
of the at least one opioid-related central effect from the pro-
cessor to a user.

[0015] According to another illustrative embodiment of the
present disclosure, a method of predicting a probability of at
least one opioid-related central effect includes the steps of
administering an opioid to a patient, stimulating a pupil of the
patient, and acquiring an image of the stimulated pupil. The
method further includes the steps of detecting pupillary
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effects of the pupil, predicting a probability of at least one
opioid-related central effect based upon the detected pupil-
lary effects, and providing the predicted probability of the at
least one opioid-related central effect to a user.

[0016] In various aspects of the above embodiments, the
memory unit is configured to receive and process the opioid
pharmacokinetic data. Furthermore, in various aspects, the at
least one opioid-related central effect includes respiratory
depression, sedation and/or vomiting.

[0017] Additional features and advantages of the present
invention will become apparent to those skilled in the art upon
consideration of the following detailed description of the
illustrative embodiments exemplifying the best mode of car-
rying out the invention as presently perceived.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The detailed description of the drawings particu-
larly refers to the accompanying figures in which:

[0019] FIG. 1 is an illustrative graph showing pupil
response to light from a pupillometer;

[0020] FIG.2A is a chart showing pupil maximum aperture
in relation to intraoperative morphine bolus;

[0021] FIG. 2B a chart showing pupil minimum aperture in
relation to intraoperative morphine bolus;

[0022] FIG. 2C a chart showing pupil constriction percent-
age in relation to intraoperative morphine bolus;

[0023] FIG. 2D a chart showing pupil maximum constric-
tion velocity in relation to intraoperative morphine bolus;
[0024] FIG. 3 is an illustrative graph showing pupil maxi-
mum constriction velocity in relation to morphine concentra-
tion;

[0025] FIG. 4 is an graph showing morphine metabolite
formation compared to ABCB1 genotypes;

[0026] FIG. 5isadiagrammatic representation of pathways
and nerve centers that control pupil size and pupillary light
reflex in humans;

[0027] FIG. 6 is a block diagram of an illustrative quanti-
tative pupillometry system of the present disclosure;

[0028] FIG. 7is a front perspective view of a patient’s eye
including pupil; and

[0029] FIG. 8 s a front perspective view of an illustrative
pupilometer.

DETAILED DESCRIPTION OF THE DRAWINGS

[0030] The embodiments of the invention described herein
are not intended to be exhaustive or to limit the invention to
precise forms disclosed. Rather, the embodiments elected for
description have been chosen to enable one skilled in the art
to practice the invention.

[0031] Quantitative pupillometry can be easily used at bed-
side by clinical care providers with minimal training. As
further detailed herein, certain quantitative pupillometry
measures proactively predict respiratory depression before it
happens. This can be used as a sensitive central nervous
system monitoring tool before caregivers give additional
opioid pain medications and central depressants, such as ben-
zodiazepines, to avoid respiratory depression. Quantitative
pupillometry measures can also be used to complement geno-
type-based (genetic variants of ABCB1, FAAH, OPRM1
genes) personalized interventions to minimize respiratory
depression risk while improving pain relief. Quantitative
pupillometry measures can be used to stratify patients’ res-
piratory depression risk as “high risk”, “medium risk” and
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“low risk” in addition to monitoring recovery from or
progress towards respiratory depression as a trend monitor.
Once simplified and validated, certain quantitative pupillom-
etry measures can be integrated as a real-time feedback loop
system to improve safety of opioid infusion using smart infu-
sion pumps including Patient Controlled Analgesia (PCA)
smart pumps.

[0032] In adult pharmacokinetic (PK) studies, pupillomet-
ric measures have been compared with plasma PK values
obtained at the same time points and were shown to provide a
reasonable reflection of the alfentanil plasma concentration-
time profile. Pupillary diameter changes have been utilized as
a marker of opioids’ pharmacodynamic response in many
adult studies. Quantitative pupillometry responses are more
sensitive than hemodynamic responses to noxious stimuli and
they are also early indicators of neurological outcomes fol-
lowing cardiac resuscitation, highlighting quantitative pupil-
lometry’s high sensitivity as an early indicator. Pupillary
response to pain and analgesia is a reliable tool for objectively
quantifying the level of pain in situations where a subjective
pain score cannot be obtained.

[0033] Highly sensitive digital handheld pupillometers
have made the measurement of pupillary size and response to
light, pain and opioid analgesia feasible in children. Quanti-
tative normative data has been generated using hand-held
pupillometer in healthy 1-18 year old pediatric volunteers.
Handheld pupillometers are considered safe, non-invasive,
well-tolerated by children, and relatively easy to use with
minimal training. The pupillary response to painful stimuli
has been proven to be a more sensitive marker than the asso-
ciated hemodynamic changes of heart rate and systolic blood
pressure in children under sevoflurane anesthesia with pupil-
lometry values showing a significant increase in pupil size
immediately after the skin incision followed by a rapid
decrease in pupil size immediately after the administration of
alfentanil. Capturing the extent of pupil dilation can provide
an index of acute nociceptive input via autonomic innervation
of the iris muscles, while capturing the extent of attenuation
in this pupillary response during exposure to opioids can
provide insight into opioids’ CNS effect by reflecting the
extent of occupancy of opioid receptors in the CNS.

[0034] In an illustrative clinical pediatric study, children
6-15 years old of both sexes and all races were recruited.
Children with American Society of Anesthesiologists (ASA)
physical status 1 or 2 scheduled for tonsillectomy for recur-
rent tonsillitis, adenotonsillar hypertrophy or obstructive
sleep apnea (OSA) were included. Clinical criteria for OSA
included sleep disordered breathing with a history of snoring
and either sleep pauses lasting >10 seconds or daytime
drowsiness. Exclusion criteria include non-English speaking
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families, children with morphine allergy, developmental
delay, liver and renal diseases, and preoperative pain requit-
ing analgesics (e.g. chronic tonsillitis). Children who have
problems with pupil or pupillary reaction due to disease (e.g.
amyloidosis, Homer’s syndrome, familial dysautonomia,
other eye and neurological disorders) or on medications influ-
encing pupillary size (anti-cholinergic, narcotic medications
such as codeine in cough syrup) were not recruited.

[0035] All pediatric study participants received standard
perioperative care. Anesthesia was induced using sevoflurane
followed by a propofol (2 mg/kg) bolus to facilitate endotra-
cheal intubation. Anesthesia was maintained with sevoflurane
without the use of neuromuscular blockade. Children
received a standard dose of intravenous morphine prior to
surgical incision. Children with OSA history received 0.1
mg/kg morphine while those without OSA diagnosis received
0.2 mg/kg. Tonsillectomy was done using electro-cautery
surgical technique. If there were any signs suggestive of pain
(clinically significant increase in heart rate and blood pres-
sure) following surgical incision, the clinical team provided
additional morphine at 0.05 mg/kg increments. All children
received prophylactic ondansetron (0.1 mg/kg) and dexam-
ethasone (0.1 mg/kg) intraoperatively. Significant postopera-
tive pain measured with facial expression; leg movement;
activity; cry; and consolability (FLACC) pain score of 24/10
was managed in the postoperative anesthesia care unit
(PACU) with rescue doses (0.05mg/kg) of morphine.

[0036] The pediatric study included the following data col-
lection: 1) pharmacokinetic (PK)—serial blood samples to
determine concentrations of morphine and its metabolites; 2)
pharmacodynamic (PD)—utilization of serial QP measures
(serial QP pupillometry in this study was done strictly for
research purposes), validated pain scoring systems and inci-
dences of postoperative respiratory depression; and 3) phar-
macogenetic (PG)—genotype children with regard to
ABCBI transporter, UGT2B7, and other pain and opioid
pathway relevant genotypes.

[0037] The pediatric study also included pharmacokinetic
sampling and analysis. More particularly, serial blood
samples were obtained from children to quantify blood Mor-
phine, Morphine-3 Glucuronide (M3G) and Morphine-6 Glu-
curonide (M6G) concentrations (see table below). For ethical
reasons, blood samples were not obtained if the child was
fully recovered from anesthesia and uncooperative in the
recovery room. Morphine, M3G and M6G were quantified
using a validated highly sensitive liquid chromatography tan-
dem mass spectrometry assay. The limits of quantification
were 0.25-1000 ng/ml (r2>0.99) for morphine and 1-1000
ng/ml (r2>0.99) for both M3G and M6G.

After Surgery
Before Surgery During Surgery Recovery Room-
Baseline Under Anesthesia in Operating Room (OR) PACU
PK Blood draw for morphine and metabolites, M3G ~ Blood draw for

D Quantitative Pupillometry

(QP) at baseline
HR, BP, RR
Baseline Pain Scores

and M6G levels, immediately following IV
insertion (pre-morphine baseline), 3 minutes and
15 minutes after morphine bolus

morphine, M3G and
Mb6G levels 30-45
minutes after
morphine bolus

QP at beginning of anesthesia; 3 minutes after QP in recovery
initial morphine bolus (before surgical incision) ~ room

and at the end of surgery (typically 20 minutes HR, BP,RR &
from initial morphine bolus) & - HR, BP, RR. Pain Scores
Respiratory

depression
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-continued
After Surgery

Before Surgery During Surgery Recovery Room-

Baseline Under Anesthesia in Operating Room (OR) PACU
PG Blood sample collection to evaluate ABCB1 &

other important and exploratory genetic variants

[0038] The pediatric study included quantitative pupillom- sures (e.g. Maximum Constriction Velocity) correlated well

etry (QP) measurements and analysis of pupillary responses
to opioids. More particularly, in the pediatric study, a pupil-
lometer 102 was used to measure pupil diameter and response
dynamics using standardized procedure and perioperative
lighting. A soft rubber cup 112 on the pupillometer 102 was
first placed around the child’s eye 114. The resting (maxi-
mum) pupil diameter, maximum and average pupil constric-
tion velocities (mm/s), minimum diameter, constriction
amplitude (maximum minus minimum diameter), and relax-
ation velocity (mm/s) were all recorded. As shown in FIG. 1,
each of the measurements can be determined from a chart
recording pupil diameter in millimeters at a given time in
seconds. The procedure is brief (<5 sec), non-invasive and has
no associated risk. Because of strong association between
postoperative pain scores and pupillary dilation reflex, pup-
illometer could be a valuable tool to guide morphine admin-
istration for pain relief in the immediate postoperative period
in controlled situations when confounding factors are well
controlled such as in the subject pediatric study.

[0039] The pediatric study used a standardized sevoflurane
and propofol (to facilitate endotracheal intubation) anesthesia
without neuromuscular blocking and reversal agents (e.g.
atropine), and antiemetics that could affect pupillary
responses (droperidol, metoclopramide). The pediatric study
used ondansetron as a prophylactic antiemetic which does not
interfere with quantitative pupillometry responses.

[0040] In the pediatric study population, as shown in the
FIGS. 2A-2D, pupillary sizes and reaction pattern followed a
consistent pattern perioperatively. Compared to baseline pre-
operative values, under general anesthesia, maximum and
minimum pupillary sizes and constriction percentage and
maximum constriction velocity decreased. After intraopera-
tive morphine there were incremental reductions in all these
pupillary measures and pupillary recovery was observed
towards the end of anesthesia and further recovery in PACU.
Compared to the baseline values, PACU measures showed
residual depressive effects of morphine.

[0041] The pediatric study confirms an association
between blood morphine concentration and postoperative
respiratory depression. Surprisingly, children who had respi-
ratory depression and had prolonged PACU stay due to res-
piratory depression had lower morphine (2.25£2.3 vs.
8.47.9 ng/ml, p<0.0001), lower M6G (9.1+3.9 vs.11.7+7.1
pg/ml) and lower M3G (43.1237 v5.60.7+45.1 pg/ml) levels
in the recovery room than those who did not possibly sug-
gesting a role of CNS pharmacodynamic variability to mor-
phine-induced respiratory depression despite lower morphine
and metabolite concentrations. This could be potentially
explained by higher sensitivity of certain children based on
genetic variants of ABCB1 and other genes affecting central
morphine concentrations compared to blood morphine and
metabolite concentrations. Perioperative pupillometry mea-

with perioperative morphine plasma concentrations in the
pediatric study.

[0042] FIG. 3 shows the association between blood mor-
phine concentration and pupil Maximum Constriction Veloc-
ity (MCV). More particularly, pupillary maximum constric-
tion velocity (MCV) decreased as blood morphine
concentration increased. The highest morphine concentration
and lowest MCV were observed immediately after morphine
administration, followed by at the end of surgery and in the
recovery room, highlighting that this pupillary measure is a
non-invasive measure of morphine’s central pharmacokinet-
ics and central pharmacodynamic pupillary effect. The effect
of anesthesia on MCV was negligible and was similar to
baseline MCV values with no detectable morphine levels.
[0043] PK-PD (and PG) modeling was also used in the
pediatric study. The population PK model that captures mor-
phine and metabolite concentration profiles was used to cor-
relate with simultaneous quantitative pupillometry measures.
The relationship between morphine exposure and quantita-
tive pupillometry measures was then evaluated using NON-
MEM to estimate population mean, inter-individual variabil-
ity and intra-individual model parameters. NONMEM is a
known software package used for population pharmacoki-
netic modeling, and is available from ICON plec of Dublin,
Ireland.

[0044] Non-linear mixed effects modeling was constructed
to link the blood morphine and metabolite levels to PD effects
including serial quantitative pupillometry measures and post-
operative respiratory depression, and with important genetic
predictors in sophisticated PK-PD-PG models. Variations in
brain concentrations of morphine and metabolites could
result from 1) blood brain barrier transport variations (e.g.
ABCBI polymorphisms), and 2) variations in plasma con-
centrations, which could be determined by development-re-
lated clearance differences (e.g. age), and variations in mor-
phine metabolisms (e.g. UGT2B7 and other important
polymorphisms). Important genetic variants in morphine’s
metabolic pathway were genotyped using PCR (TagMan) and
Human [llumina Omni5 GWAS platforms in 300 children in
the pediatric study.

[0045] During analysis, descriptive data of all quantitative
pupillometry measures (mean, standard deviation) were ana-
lyzed. The differences between children with and without
postoperative respiratory depression on these quantitative
pupillometry measures using either t-tests or Wilcoxon rank-
sum test depending on the distribution were analyzed. Three-
way associations between serial QP measures, serial blood
morphine concentrations and postoperative respiratory
depression were performed. Sophisticated morphine PK-PD
modeling for quantitative pupillometry measures and respi-
ratory depression would be developed in a larger sample in
our ongoing study and quantitative pupillometry measures
will also be correlated with postoperative Hypercapneic Ven-
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tilatory Response (HVR), which is an objective and early
indicator of impending clinical respiratory depression.
[0046] The pediatric study confirmed the feasibility of
quantitative pupillometry as a bedside tool to assess postop-
erative respiratory depression in children. The preliminary
data demonstrates encouraging associations between postop-
erative respiratory depression with 1) pupillary constriction
difference at the end of surgery and baseline measure (p=0.
009), and 2) time to 75% pupillary recovery (175) difference
between measures from PACU and baseline (p=0.036). In
addition, we found significant associations between postop-
erative respiratory depression resulting in prolonged PACU
stay and 1) pupillary average constriction velocity (ACV)
differences obtained 3 minutes after morphine and baseline
(p=0.018), 2) maximum constriction velocity (MCV) differ-
ences obtained 3 minutes after morphine and baseline (p=0.
006) and 3) MCV difference obtained in the PACU and at
baseline (p=0.02), in addition time to 4) 75% pupillary size
recovery differences between measures obtained in the PACU
and baseline (p=0.04). Before children arrive in PACU, these
potentially predictive early quantitative pupillometry mea-
sures would help stratify their respiratory depression risk
upon arrival to PACU and choose targeted interventions with
non-opioid analgesics if needed.

[0047] In the pediatric study, clinical respiratory depres-
sion was defined as a persistent (>1 minute) oxygen desatu-
ration (SpO2) <90% or respiratory rate <8 breaths per minute
or Sp02<94% along with respiratory rate <10 per minute
requiring supplemental oxygen to maintain SpO2>94% in the
absence of upper airway obstruction. Ifa child required >90
minutes to meet PACU discharge criteria following tonsillec-
tomy, it was defined as a prolonged PACU stay. Analgesic
outcome measures are maximum postoperative pain scores,
intravenous analgesic interventions in PACU (yes/no) and
post-operative morphine doses (mg/kg). The maximum post-
operative pain score for each child was generated from post-
operative pain scores assessed in PACU at multiple time
points using a 0 to 10 FLACC pain scale.

[0048] With reference to FIG. 4, postoperative respiratory
depression and its association with ABCB1 genetic variants
are demonstrated. Morphine is subject to efflux via P-glyco-
protein transporter encoded by ABCBI, also known as
MDR1. ABCBI polymorphisms may affect blood brain bat-
rier transport of morphine and therefore individual response
to its CNS effects. Preliminary data in 263 children undergo-
ing tonsillectomy showed that children with GG and GA
genotypes of ABCBI polymorphism rs9282564 had higher
risks of respiratory depression resulting in prolonged hospital
stays. Thus, adding one copy of the minor allele (G) increased
the odds of a prolonged hospital stay due to postoperative
respiratory depression by 4.7 fold (95% CI: 2.1-10.8, p=0.
0002).

[0049] With further reference to FIG. 4, ABCB1 genetic
variants and morphine metabolite formation clearance is
shown. In pediatric morphine pharmacokinetic-pharmacoge-
netic modeling, it has been discovered that children with CT
and CC genotypes of ABCB1 SNP, C3435T (rs1045642) had
18.4% higher metabolite formation clearance, FCLM3G,
than subjects with TT genotype (p=0.04).

[0050] The above preliminary data on ABCB1’s role on
morphine’s pharmacokinetics (liver transport) and respira-
tory depression (blood-brain barrier transport) are important
as they can guide optimal analgesic concentrations and assess
potential respiratory depression risk at bedside.
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[0051] With reference to FIGS. 5-8, the illustrative quanti-
tative pupillometry (QP) system 100 of the present disclosure
is a non-invasive innovative marker for monitoring the CNS
concentration-effect-time relationship of opioid analgesics
and as aresult can serve as a biomarker for individual opioid’s
CNS effects such as analgesia and potentially for respiratory
depression. The illustrative quantitative pupillometry (QP)
system 100 includes a pupillometer 102 having an image
processing module 104, illustratively defined by a small com-
puter with a color LCD screen supported by a hand-held
housing 106. The housing 106 further supports an integral
illumination or light source 108 and a self-contained image
acquisition device 110, illustratively a charge-coupled cam-
era or digital camera. A soft rubber eye cup 112 aligns the
light source 108 with the patient’s eye 114 for directing light
116 to the patient’s pupil 118. The light source 108 is illus-
tratively an infrared (IR) light source that illuminates the eye
114 with a set of infrared light rays 116 at 850 nm. The image
acquisition device 110 measures size and dynamics of the
pupil 118, as represented by image acquisition line 120.
Images are acquired by the image acquisition device 110 in 5
to 10 seconds/eye and analyzed by the image processing
module 104 within 3-4 seconds.

[0052] Additional details of pupillometers that may be used
with the system 100 of the present disclosure are provided, for
example, in U.S. Pat. No. 4,755,043 to Carter, U.S. 4,850,691
to Gardner et al., U.S. Pat. No. 6,199,985 to Anderson, and
U.S. Pat. No. 8,235,526 to Stark et al., the disclosures of
which are expressly incorporated by reference herein. In one
illustrative embodiment, the pupillometer may be the Neu-
rOptics™ PLR-100 infrared pupillometer, available from
Neuroptics, Inc. of San Clemente, Calif.

[0053] In further detail and referring to FIG. 6, a processor
130 is in electrical communication with the image processing
module 104 of the pupillometer 102. Processor 130 generally
includes a respiratory depression prediction module 134. In
various embodiments, processor 130 may further include a
pharmacokinetic association module 132, wherein the phar-
macokinetic association module 132 may be in communica-
tion with a memory unit 136. In the illustrative embodiment
of FIG. 6, the processor 130 includes both the pharmacoki-
netic association module 132 and the respiratory depression
prediction module 134. Additionally, the memory unit 136 is
in electrical communication with the processor 130. The
memory unit 136 illustratively stores pharmacokinetic data
on administered opioids, and supplies this data to the phar-
macokinetic association module 132. In various illustrative
embodiments, memory unit 136 may also receive and/or pro-
cess the opioid pharmacokinetic data. In an exemplary
embodiment, memory unit 136 may receive and/or process
the data in real-time (e.g., less than one minute after surgery).
For example, the data may include morphine and metabolite
levels measured at bedside.

[0054] The pharmacokinetic association module 132 is
configured to associate opioid pharmacokinetics stored
within the memory unit 136 with anticipated pupillary effects
from the image processing module 104 of the pupillometer
102. The respiratory depression prediction module 134 is
configured to predict a probability of postoperative opioid-
related respiratory depression by comparing the anticipated
pupillary effects from the pharmacokinetic association mod-
ule 132 with the detected pupillary effects from the pupillom-
eter 102. In various embodiments, the respiratory depression
prediction module 134 may be configured to predict the prob-
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ability of postoperative opioid-related respiratory depression
by analyzing the detected pupillary effects from the pupil-
lometer 102 and/or comparing such detected pupillary effects
with historical data associating various pupillary effects with
postoperative opioid-related respiratory depression. Such
historical data may be stored within the memory unit 136 and
include, for example, a difference of pupillary constriction
over time, a difference of pupillary average constriction
velocity over time, a difference of maximum constriction
velocity over time, and a difference of pupillary size recovery
over time.

[0055] Furthermore, a user interface 138 is illustratively in
electrical communication with the processor 130 and is con-
figured to provide the prediction of respiratory depression
from the respiratory depression prediction module 134 to a
user. The user interface 138 may comprise a computer moni-
tor or display screen to provide a visual indication to the user.
[0056] With further reference to FIG. 5, the illustrative
quantitative pupillometry (QP) system 100 uses QP measures
as biomarkers of opioid-induced respiratory depression.
More particularly, this sensitive and early indicator of CNS
opioid effects is used to associate with morphine pharmaco-
kinetics and opioid’s CNS adverse effect, or respiratory
depression in children. Opioids such as morphine cause mio-
sis and altered pupillary reaction time. Miosis, or constriction
of the pupil, is caused by normal light reflex and also occurs
in response to specific p-opioid receptor agonists. Opioid-
induced miosis is mediated by the parasympathetic nervous
system. Opioid-induced miosis and other pupillary effects
can be observed immediately after opioid administration
highlighting its sensitivity and early response.

[0057] With further reference to FIGS. 5-7, the brief retinal
light 108 of the pupillometer 102 induces miosis with pupil-
lary light reflex. The pupillary light reflex starts with the
photosensitive ganglion cells in the retina which transmit
information to the optic nerve which in turn is connected to
the superior colliculus of the midbrain, and neurons of the
Edinger-Westphal nucleus, whose motor neurons run along
bilateral oculomotor nerves which innervate the constrictor
muscle of the iris, thus producing miosis. The mechanism of
opioids on pupil response is that pupillary constrictor neurons
of the oculomotor nuclear complex increase frequency of
discharge in response to p-opioid agonists. It is important to
note that the Edinger- Westphal nucleus in midbrain is in close
proximity to medullary respiratory centers in humans, where
p-opioid receptors are densely populated and functionally
connected. Opioids such as morphine exert their CNS effects
including analgesia, respiratory depression and miosis with
p-opioid agonism, making quantitative pupillometry a poten-
tial sensitive and early bedside non-invasive tool to assess
morphine’s CNS analgesia and adverse effects in children
undergoing surgety.

[0058] In an illustrative method of operation, the quantita-
tive pupillometry system 100 may be used to predict the
probability of postoperative respiratory depression in
response to the administration of an opioid to a patient. The
method illustratively includes the steps of administering an
opioid, such as morphine, to the patient, and stimulating the
pupil 118 of the patient via activation of the light source 108
of the pupillometer 102. The method further includes the
steps of acquiring an image of the stimulated pupil 118
through the image acquisition device 110 of the pupillometer
102. Next, the image processing module 104 of the pupillom-
eter 102 detects pupillary effects of the pupil 118.
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[0059] The method continues with the processor 130 pre-
dicting a probability of postoperative opioid-related respira-
tory depression based upon the detected pupillary effects
from the image processing module 104. The prediction is
based upon at least one of a difference of pupillary constric-
tion over time, a difference of pupillary average constriction
velocity over time, a difference of maximum constriction
velocity over time, and a difference of pupillary size recovery
over time.

[0060] The predicted probability of postoperative opioid-
related respiratory depression is then provided to a user inter-
face 138. The user interface 138 may be configured for use by
caregivers at bedside. Illustratively, the user interface 138
may include conventional input devices, such as a keyboard
or tablet, and/or conventional output devices, such as a com-
puter display or printer. In other illustrative embodiments, the
user interface 138 may be in communication with a pain
management system, such as an analgesia pump.

[0061] Respiratory depression has been used as an illustra-
tiveembodiment throughout the present description. It should
be understood that other opioid-related central effects (i.e.,
central nervous system effects) may be used in place and/or in
addition to respiratory depression. In various illustrative
embodiments, other opioid-related central effects may
include sedation and/or vomiting. Additionally, while the
specification has generally referred to the various steps or
actions being carried out postoperative, any and/or all of the
various steps or actions may occur at any other time. For
example, the various steps or actions may be carried out
pre-operative or they may occur in non-surgical settings.
[0062] Although the invention has been described in
detailed with reference to preferred embodiments, variations
and modifications exist within the spirit and scope of the
invention as described and defined in the following claims.

1. A quantitative pupillometry system for predicting respi-
ratory depression comprising:

a pupillometer including an image acquisition device and a
stimulus light source, the image acquisition device con-
figured to detect pupillary effects from a pupil of a
patientin response to light from the stimulus light source
being applied to the pupil;

a memory unit, wherein opioid pharmacokinetic data is
stored within the memory unit;

a processor in communication with the pupillometer and
the memory unit, the processor including:

a pharmacokinetic association module for associating
the opioid pharmacokinetics with anticipated pupil-
lary effects; and

a respiratory depression prediction module for predict-
ing a probability of opioid-related respiratory depres-
sion by comparing the anticipated pupillary effects
from the pharmacokinetic association module and the
detected pupillary effects from the pupillometer; and

a user interface in communication with the processor, the
user interface configured to provide the prediction of the
probability of opioid-related respiratory depression
from the respiratory depression prediction module to a
user.

2. The quantitative pupillometry system of claim 1,
wherein the memory unit processes the opioid pharmacoki-
netic data.

3. The quantitative pupillometry system of claim 1,
wherein the image acquisition device comprises a charge-
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coupled device (CCD) camera, and the stimulus light source
comprises an infrared light source.

4. The quantitative pupillometry system of claim 1,
wherein the pupillary effects detected include at least one of
aresting pupil diameter, a maximum pupil constriction veloc-
ity, an average pupil constriction velocity, a minimum diam-
eter, a constriction amplitude, or a relaxation velocity.

5. The quantitative pupillometry system of claim 1,
wherein the respiratory depression prediction module pre-
dicts the probability of opioid related respiratory depression
based upon at least one of a difference of pupillary constric-
tion over time, a difference of pupillary average constriction
velocity over time, a difference of maximum constriction
velocity over time, or a difference of pupillary size recovery
over time.

6. The quantitative pupillometry system of claim 5,
wherein the difference of pupillary constriction over time is
between a measure at the end of surgery and a baseline mea-
sure.

7. The quantitative pupillometry system of claim 6,
wherein the baseline measure is taken before surgery.

8. The quantitative pupillometry system of claim 5,
wherein the difference of pupillary average constriction
velocity over time is between a measure at 3 minutes after
opioid is administered to the patient and a baseline measure.

9. The quantitative pupillometry system of claim 5,
wherein the difference of maximum constriction velocity
over time is between a measure at 3 minutes after opioid is
administered to the patient and a baseline measure.

10. The quantitative pupillometry system of claim 5,
wherein the difference of maximum constriction velocity
over time is between a measure at postoperative care and a
baseline measure.

11. The quantitative pupillometry system of claim 5,
wherein the difference of pupillary size recovery over time is
between a measure at postoperative care and a baseline mea-
sure.

12. A quantitative pupillometry system for predicting a
probability of at least one opioid-related central effect com-
prising:

apupillometer including an image acquisition device and a
stimulus light source, the image acquisition device con-
figured to detect pupillary effects from a pupil of a
patient in response to light from the stimulus light source
being applied to the pupil;

a processor in communication with the pupillometer, the
processor including an opioid-related central effect pre-
diction module for predicting a probability of at least
one opioid-related central effect in response to the pupil-
lary effects detected by the pupillometer; and

a user interface in communication with the processor, the
user interface configured to display the prediction of the
probability of the at least one opioid-related central
effect from the processor to a user.

13. The quantitative pupillometry system of claim 12,

wherein the at least one opioid-related central effect includes
respiratory depression, sedation or vomiting.
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14. The quantitative pupillometry system of claim 12, fur-
ther comprising:

a memory storing opioid pharmacokinetic data; and

a processor including a pharmacokinetic association mod-

ule for associating the opioid pharmacokinetic data with
the detected pupillary effects.

15. The quantitative pupillometry system of claim 12,
wherein the image acquisition device comprises a charge-
coupled device (CCD) camera, and the stimulus light source
comprises an infrared light source.

16. The quantitative pupillometry system of claim 12,
wherein the pupillary effects detected include at least one of
aresting pupil diameter, a maximum pupil constriction veloc-
ity, an average pupil constriction velocity, a minimum diam-
eter, a constriction amplitude, and a relaxation velocity.

17. The quantitative pupillometry system of claim 12,
wherein the opioid-related central effect prediction module
predicts the probability of at least one opioid-related central
effect based upon at least one of a difference of pupillary
constriction over time, a difference of pupillary average con-
striction velocity over time, a difference of maximum con-
striction velocity over time, or a difference of pupillary size
recovery over time.

18. A method of predicting a probability of at least one
opioid-related central effect comprising:

administering an opioid to a patient;

stimulating a pupil of the patient;

acquiring an image of the stimulated pupil;

detecting pupillary effects of the pupil;

predicting a probability of at least one opioid-related cen-

tral effect based upon the detected pupillary effects; and
providing the predicted probability of the at least one
opioid-related central effect to a user.

19. The method of claim 18, wherein the at least one
opioid-related central effect includes respiratory depression,
sedation or vomiting.

20. The method of claim 18, wherein the step of stimulating
the pupil includes the step of providing a stimulus light image
acquisition device, and the step of acquiring the image of the
stimulated pupil includes the step of providing an image
acquisition device, the image acquisition device and the
stimulus light being provided in a pupillometer.

21. The method of claim 18, further comprising the step of
associating opioid pharmacokinetic data with the detected
pupillary effects.

22. The method of claim 18, wherein the step of providing
the predicted probability of the at least one opioid-related
central effect to the user includes the step of displaying the
predicted probability of the at least one opioid-related central
effect on a user interface.

23. The method of claim 18, wherein the step of predicting
the probability of the at least one opioid-related central effect
is based upon one of a difference of pupillary constriction
over time, a difference of pupillary average constriction
velocity over time, a difference of maximum constriction
velocity over time, and a difference of pupillary size recovery
over time.
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