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Opioids —
Effects on Human Perfor mance and Behavior?@

REFERENCE: Stout PR, Farrell LJ: Opioids — Effects on human performance and behavior; Forensic Sci Rev
15:29; 2002.

ABSTRACT: The purpose of the monographisto provide readerswith asummary of theliteraturerelating selected
opioids to performance issues, specifically driving. This monograph provides a summary of information to aid
expert witnesses in preparing for court testimony. Information for codeine, hydrocodone, hydromorphone,
methadone, morphine, and oxycodone is provided. In addition to areview of performance studies, a summary of
acute and chronic pharmacology, pharmacokinetics, and metabolism is included. Opioids appear to impair
psychomotor functioning likely to be important to the performance of complex, divided attention tasks such as
driving. Thisimpairment is notably more prevalent in individuals with no history of opioid use; individuals with
long-term opioid use do not demonstrate as extensive of an impairment. Other factors such as personality,
environment, and pain control also sharply modulate opioid impairment.

KEY WORDS: Codeine, driving under the influence of opioids, hydrocodone, hydromorphone, methadone,

morphine, opioids, oxycodone, performance testing.

INTRODUCTION

History

Opioids are naturally occurring akaloid analgesics
derived from the opium poppy Papaver somniferum.
Typically, the seedpods are scored and the milky exudate
contains morphine, codeine, and numerous other alka-
loids such as papaverine and thebaine. Natural opioids,
including opium, tincture of opium, and paregoric, have
been used as analgesics or drugs of abuse for centuries.
There is evidence of the use of opium in the Sumerian
culture as early as 3500 BCE, and the writings of
Theophrastus around 200 BCE describe the use of opium
in Greek medicine.

In the 1800s and 1900s, synthetic and semi-synthetic
derivativesof morphineand codeineweredevelopedinan
effort to increase the potency of analgesia and reduce
undesirable side effects. Diacetylmorphine was synthe-
sizedin 1874 andintroduced asanonaddicting, analgesic,
antitussive, and antidiarrheal in 1898. The opioid drug
class includes numerous compounds that are structurally
related to morphine and numerous compounds that are
pharmacologically related, but structurally unrelated.

A widerange of opioidshasbeenisolated from opium
and awide range of both structurally and pharmacol ogi-
cally related compounds has been synthesized. Table 1
includesalist of opioidsand their synonyms. Though not
all of the compoundslisted in Table 1 are covered in this

aThe opinions expressed in this paper reflect those of the
authorsand are not to be construed as an official position of the
Department of Navy, Department of Defense, or the State of
Colorado.

review, this table indicates the large number of com-
poundsthat have opioid actions. Structur e 1 includesthe
molecular structures of codeine, hydrocodone,
hydromorphone, methadone, morphine, and oxycodone,
which are the drugs covered in this review. These drugs
were sel ected based on their prevalencein drug-impaired
driving cases and their higher frequency of use in the
medical and drug abuse communities. All of these com-
pounds have varying degrees of antinociceptive,
antitussive, and antidiarrheal effects. Additionally, al the
compounds have varying impairing effects and abuse
potential.

Modes of Action

A great dea of work has been done over the past
decades regarding the modes of action of opioids. Great
emphasis has been placed on developing effective
antinoci ceptivedrugsthat reducetheclassic sideeffectsof
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Structure 1. Structures of the compounds discussed.
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Table 1. Opiate drugs (synthetic and natural) — Mode of action, serum half-life, and metabolites®
Tuz2(h)

p-Agonist 32-116 Acetylmethadol, noracetylmethadol, dinoracetylmethadol, methadol
u-Agonist (short acting) 1-2
u-Agonist, K-antagonist 3.5

Drug Synonym M ode of action M etabolites

Acetylmethadol LAAM, ORLAAM

Alfentanil Alfenta, Rapifen Noralfentanil, O-demethylnoralfentanyl (conjugated)
Buprenorphine Buprenex
Stadol

Generic preps

Norbuprenorphine, bubprenorphine (conjugated)

Butorphanol K-Agonist, p-antagonist 3-8 3-Hydroxybutorphanol, norbutorphanol (conjugated)

Codeine u-Agonist 3

1.54.7 Dextromoramide

Codeine, morphine, norcodeine (conjugated)

Dextromoramide Palfium, Jetrium u-Agonist

Dezocine Dalgan u-Agonist, d-antagonist 2.6-2.8 Glucuronide conjugate

Dihydrocodeine Drocode, DHCPlus  p-Agonist 35 Morphine

Etorphine Oripavine p-Agonist —b Etorphine-3-glucuronide (rat)

Fentanyl Sublimaze u-Agonist (short acting) 37 Despl)ropi onylfentanyl, norfentanyl, hydroxyfentanyl, hydroxynorfen-
tany

Heroin None p-Agonist Minutes 6-Acetylmorphine, morphine, normorphine (conjugated)

Hydrocodone  Lortab, Vicodin p-Agonist 39 Norer(;))/drocodone, hydromorphone, hydrocodol, hydromorphol (conju-
gat

Hydromorphone Dilaudid u-Agonist 14 Hydromorphol (conjugated)

Ketobemidone Cliradon, Ketogin u-Agonist 1.8-4.2 Norketobemidone, ketobemidone, 4-hydroxyketobemidone

Levorphanol Dromoran p-Agonist (long acting) 12-16  Norlevophanol

Meperidine Pethidine, Demerol p-Agonist (long acting) 24 Normeperidine, meperidinic acid, normeperidinic acid

Meptazinol Meptid Hi-Agonist 2 Meptazinol (conjugated)

Methadone Physeptone, Dolophinep-Agonist (long acting) 1555 Methadol, normethadol, EDDP, EMDP (conjugated)

Morphine Generic preps u-Agonist 3 M orphine, normorphine (conjugated)

Nalbuphine Nubain p-Antagonist, K-agonist 2-8 Nal buphine, nornal buphine (conjugated)

Oxycodone Roxidone, Percocet, p-Agonist 46 Noroxycodone, oxymorphone (conjugated)

Percodan

Oxymorphone  Numorphan u-Agonist 34 6-Oxymorphol, oxymorphone (conjugated)

Papveretum® Omnopon u-Agonist (long acting) 3 Morphine and codeine metabolites

Pentazocine Talwin Mixed k—, p-, d-agonist 2—4 Penta_zoci ne, cis- and trans-hydroxypentazocine, trans-carboxypen-
tazocine

Propoxyphene Darvon, Dolene p-Agonist 8-24  Norpropoxyphene, dinorpropoxyphene, cyclic dinorpropoxyphene

Sufentanil Sufenta p-Agonist (short acting) 1.6-5.7 O-Desmethylsufentanil, N-desalkylsufentanil

Tilidine Valoron u-Agonist 3.3-4.9 Nortilidine, bisnortilidine

Tramadol Ultram p-Agonist 4-7 Nortramadol, dinortramadol, O-desmethyltramadol, O-desmethylnor-

tramadol, O-desmethyldinortramadol (conjugated)

a Adapted from [12,60,71,124].
b No estimate is available.
¢ Mixed morphine and alkaloids.

opioids (dry mouth, drowsiness, nausea, respiratory de-
pression, constipation) and also reduce the abuse and
addiction potential. To this end, much has been studied
about the mechanisms by which opioids potentiate pain
and affect the brain.

Three primary groups of opioid receptors have been
described: mu, kappa, and delta (U, K, & [79,140]. These
receptor classes also have several sub-classes described.
All of the receptors have endogenous ligands known as

enkephalins and endorphins. All of these receptors are
found in brain and spina cord tissue. This system of
receptorsand endogenousligandsappearstobeintimately
involved with natural modulation of pain in the body.
Signal transduction mechanisms have been described
for each of the classes of receptors. The p and 6 receptors
are G; protein linked to the inhibition of adenylyl cyclase
activity. Thus, binding at the i and 6 receptorswill result
inreduced cyclic adenosine monophosphate (cCAMP) pro-
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ductionand aresultantincreaseinintracellular potassium
concentration and hyperpol arization of the cell membrane
[202]. Two subdivisions of u receptors, g and ,, are
thought to haveagreater roleinthemodul ation of painand
respiratory depression, respectively [71].

The K receptors have an apparent G; protein link to
calcium channels [46]. Agonists of these receptors pro-
duce analgesia, diuresis, sedation, and dysphoriawithout
strong respiratory depression and constipation observed
with P agonists [246]. The & receptors are not well de-
scribed though endogenous ligand binding may predomi-
nate at this receptor class.

Table 1 presentsasummary of the modes of action of
a variety of opioid drugs. Most of the opioids that are
widely used are either morphine-like 1 receptor agonists
or partial agonist-antagonistsat 1 and K receptors[246]. It
isasyet unclear if ahighly selective agonist or antagonist
of any receptor could produce efficient analgesiawithout
deleterious side effects. Table 2 presents a summary of
pharmacological effects by opioid receptor.

Analysis Methods

Body Fluids Extraction and Derivitization. As with
most opioid analyses, screening technologies as well as
confirmatory technologies are widely used. Thin layer
chromatography (TLC) can be used to detect a wide
variety of opioid drugs. Immunoassay-based screening
technologies such as enzyme multiplied immunoassay
technique (EMIT; Dade-Behring Diagnostics), kinetic
interaction of micro particles in solution (KIMS; Roche

Table 2. Summary of opioid pharmacological ef-
fects

Opioid receptor  Pharmacological effect

M (mu) Analgesia— Supraspina
Respiratory depression
Miosis
Euphoria
Decreased gastrointestinal activity
Drowsiness
Nausea, vomiting
Changes in body temperature
Mental clouding
Tolerance
Increased addiction potential
K (kappa) Analgesia— Spinal
Diuresis
Sedation
Dysphoria
Mild repiratory depression
Miosis
Reduced addiction potential
0 (delta) Anagesia
Dysphoria
Delusions

Hallucinations
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Diagnostics), fluorescence polarization immunoassay
(FPIA; Abbott Diagnostics), and cloned enzyme donor
immunoassay (CEDIA; Microgenics) al offer varying
Ccross reactivity to the morphine-like compounds. All of
these kits can be used on blood, urine, or other matrices.
However, blood analysesusually requireadditional prepa-
ration of the samples (precipitation of protein or extrac-
tion) and often fall outside of the manufacturer’ s specifi-
cations on the kits. More assays are becoming available
for the screening of non-morphine like opioid drugs.

A wide variety of confirmatory testing methods, pre-
dominantly gaschromatography/mass spectrometry (GC/
MS), are used. New methods using high performance
liquid chromatography mass spectrometry are being de-
veloped([1,8,10,21,23,25,31,38,41,69,75,83,103,116,126,
160,169,177,189,191,203,213,227]. Asmany of thecom-
pounds are present in both blood and urine as conjugates,
hydrolysis of these conjugates is often necessary prior to
extraction. Hydrolysisis often accomplished by the addi-
tion of strong acid and pressurized heat treatment or the
addition of B-glucuronidase. Acid hydrolysis is faster;
however, compounds such as 6-acetyl-morphine are not
stable under these conditions. Enzymatic hydrolysis oc-
curs under gentler conditions, but usually takes longer.
Additionally, enzyme sources are usually derived from
bacteria and have varying degrees of effectiveness in
hydrolyzing the conjugates of interest.

Confirmation testing usually requires the extraction
of compounds from the biological matrix either by solid
phase extraction (SPE) or liquid-liquid extraction. A wide
range of methods has been reported for primarily cationic
and mixed bed type SPE methods. Liquid-liquid extrac-
tions classically use an initiad basic extraction into an
organic solvent followed by subsequent acidic back ex-
traction clean up stepsand final extraction into an organic
solvent.

For GC/MS, derivitization is often necessary for ac-
ceptable chromatographic performance and fragmenta-
tion. Sylation with agents such as bis-(trimethylsilyl)
trifluroacetamide (BSTFA), and acylation with agents
such as propionic anhydride, pentafluoropropionic anhy-
dride arecommon meansof derivitization. Careshould be
exercised if derivitizing with acetic anhydride, under-
standing that diacetylmorphine will be formed from 6-
acetyl morphineand morphinepresentinthesample. If the
analysis needs to maintain this information, deuterated
acetic anhydride is available so that diacetylmorphine
formed during derivatization can be distinguished as can
the derivatized 6-acetyl morphine from morphine.

A wide range of sensitivities are obtained by various
methods and the specific limits of detection and linearity
pertinent to the individual analysis should be considered
in any interpretation.
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Alternate Matrices. In the case of hair analysis, an
additional step to digest the hair matrix isrequired. Typi-
cally thisisaccomplished by the addition of strong base,
strong acid, enzymes, or sodium sulfide. Theseconditions
result in varying degrees of digestion of the hair matrix
and do not completely digest melanosomes present in the
hair. This may result in the incomplete liberation of the
target compounds from the hair (especially in the case of
enzymatic digestion) for extraction and analysis [33].
Likewise, therelative impermeability of melanosomesto
digestion may result in the sequestration of target com-
pounds in melanosomes. As much of the stored drug in
hair may be associated with melanin even as a covalent
adduct, this sequestration may dramatically reduce the
sensitivity of the testing [32,33,209].

Even with the potential difficulties in use of hair,
many opioids have been reported as detected in hair
[212,213]. Thebiology of hair growthandthepotential for
surface contamination have confounded the relation of
hair concentrations to serum concentrations. Addition-
ally, hair concentrations may saturate at relatively low
concentrationsfor many drugs and even for some opioids
[209].

Saliva has also become a novel aternative testing
method that may help provide rapid roadside drug testing
results. Many compounds have been detected in saliva.
Screening and confirmatory technol ogiestypical of other
matrices are also used in saliva testing. Confounding the

relationship of salivaconcentrationsto serum levelsisthe
potential for oral contamination.

Other matricessuch asfingernails, sweat, breastmilk,
and sebum have all been examined for their content of
various opioids. Most of these analyses are again con-
ducted by immunoassaysand GC/M Sor L C/M Smethods.
Depending on the matrix, additional steps may be neces-
sary to break down the matrix to facilitate extraction.

. CODEINE

One of the most extensively used opioids, codeineis
used in the management of mild to moderate pain and as
an antitussive. Codeineisamixed agonist/antagonist of [t
and o receptors. It is produced both commercially from
morphineandisanatural component of opium. Singleoral
dosages range from 15-60 mg with total daily dosages
typically from 60—240 mg. Codeineisavailablein numer-
ous formulations and isindicated for analgesiaand as an
antitussive. Preparationsincludetabl ets, syrups, and solu-
tions for subcutaneous injection.

A. Pharmacology and Phar macokinetics

Following ora dosage, approximately 10-20% is
excreted in the urine within 24 h [177]. Three days after
codeine use, only morphine was present in urine and was
identical to morphine or heroin use [177]. Ninety-five
percent of asingle dose was eliminated in 48 h [13].

Table 3. Overview of controlled administration studies of codeine with psychomotor and cognitive effects

Drug Dose Study group? End point measur ed? Effects? Ref.
Codeine 0, 30, 60, 90 mg oraly 0/6; NU DVA, CRT, CFF, Linear dose dependent decreasein VMC and DVA  [22]
VMC; 0.75-2 h performance
Codeine 0, 32 mg at increasing 16/0; NU DSST Impaired performance at 2,000 ft, improved perfor- [63]
atitudes mance above 11,000 ft
Codeine 0, 60, 120 mg oraly 42/6; U DRE assessment DRE evaluation criteria could, with mixed results ~ [97]
predict acute administration of codeine
Codeine 25 mg orally 90/0; NU DS; 30 min Reduced tachycardiainduced by emergency situa- [138]
tions; impairment of steering direction, flashing
lights, brakes, clutch
Codeinex  0,50mgorally; 50mgor  70/0; NU DS; 30 min Increased risk for both codeine and ethanol in mo- [137]
ethanol orally + 0.5 gm/kg ethanol notonous and emergency driving
Codeinex 0, 100 mg oraly 5/5; NU Body sway, DSST, No performance impairment; codeine reduced the [196]
diazepam VAS, CFF, MW, absorption of diazepam; plasma concentrations:
PHYS; 1.5h 15h=105,3h=93,45h=78ng/ml
Morphine, 0, 20, 40 mg morphine; 0,  9/3; NU Wartegg personality, Dose-related miosis at plasma levels of codeine [222]
codeine 60, 120 mg codeine orally ARCI, PHYS, MW, 52-256 ng/mL, morphine 12-50 ng/ml; noim-

DSST; 04 h

pairment by codeine or morphine

a Number of subject studied: Male/female; NU: Non-user; U: User.

b DVA: Dynamic visual acuity; CRT: Complex reaction time; CFF: Critical Flicker Fusion; VMC: Visuomotor coordination test; DSST: Digital
symbol substitution test; DRE: Drug recognition expert; DS: Driving simulator; VAS: Visua analog scale, rating of subjective effects; MW:
Maddox-Wing Test; PHY S: Physiological testing (varied combination of heart rate, blood pressure, skin temperature, etc.); ARCI: Subject effect

questionnaire.

Stout and Farrell « Opioids



The serum half-lifefor codeineis approximately 3 h.
Table 3 contains reported serum concentration ranges
after varying dosages. M aximum serum concentrations of
0.126 and 0.256 mg/L after a 60 mg and 120 mg dose,
respectively, have been reported [222]. Saarialho-Kere et
al. [197] reported 0.105 mg/L serum levels 1.5 h after a
100 mg oral dose. One h after a60 mg dose, serum levels
weremeasuredat 0.11 mg/L [25,66]. Within 1hof a65mg
intramuscular dose, peak plasma concentrations were
measured at a mean of 0.264 mg/L [66].

Approximately 10% of thedoseis O-demethylated by
cytochrome P450 2D6 (CYP2D6) to form morphine.
Seven percent of Caucasiansand 50% of Chinese subjects
have nominally functiona polymorphisms of CYP2D6
and are poor metabolizers of codeine [185,217]. Forma-
tion of morphine contributes to the analgesic effects of
codeineand polymorphismsof CY P2D6 havebeen attrib-
uted to some of the interindividua variation in human
response to codeine[26]. N-demethylation to norcodeine
and glucuronidationtoformboth codeineglucuronideand
morphine-6-glucuronide (M6G) accounts for other me-
tabolites. Morphine predominates in the early phase of
excretion, but over 2040 h morphine conjugates tend to
predominate.

Overdose with codeine may be lethal at 0.5-1.0 g
doses. Blood concentrations in two individuals arrested
for impaired driving were 2.6-7.0 mg/L [12]. Classic
presentation of overdose included unconsciousness with
pinpoint pupils (miosis) and respiratory depression [60].
Postmortem blood concentrationsrel ated to codei neover-
dose have beenreported from 1.4 to 370 mg/L. Symptoms
of overdose arereported to respond well to administration
of naloxone [95].

B. Reported Effects on Performance

1. Summary of Studies

A variety of studies havelooked at various aspects of
codeine's effects on performance. The evaluation of ef-
fects has been accomplished through the use of a wide
variety of performance tests. Readers are referred to
Baselt[12] for aconcisedescription of many of thesetests.
Table 3 summarizes the study designs, tested endpoints,
and outcomes of controlled dosage studies. These studies
evaluated a broad range of dosages, both chronic and
acute, in both non-users and individual s with prior usage
history. T able4 summarizesanumber of studies evaluat-
ing the prevalence of drug use in populations involved
with driving or driving accidents. These studies aso
evaluated the relative risks of codeine and opioid usein
accidents.

Bradley and Nicholson [22] administered 30, 60, and
90 mg single doses to six healthy femal es. Subjects were
practiced on all tests to steady state performance. Tests
included visuo-motor coordination (VMC), dynamic vi-
sua acuity (DVA), complex reaction time (CRT), digit
symbol substitution test (DSST), and critical flicker fu-
sion (CFF). Triprolidine HCl was used as a positive
control. Findings indicated that central effects from co-
deine dosageswerelimited to neuromuscular activity ina
dose dependent fashion. The 60 and 90 mg doses signifi-
cantly atered VMC. Codeine did not modulate saccadic
and smooth pursuit eyemovements, asdo other morphine-
like compounds.

Evans and Witt [63] examined the effects of a32 mg
dose of codeineon DSST in 16 healthy malevolunteersat
varyingaltitudes. Codeineimpaired performanceon DSST
at 2,000 ft, but performance returned to baseline (actually
improved relative to controls) at 15,000 ft. The main
indication isthat alarge number of factors affect impair-
ment by codeine.

Heishman et a. [97], evaluated the accuracy of drug
recognition expert (DRE) assessment and the ability of
various criteriato indicate intoxication by various drugs.
Subjectswith aprior use history were administered 0, 60,
or 120 mg codeine. The results indicated that certain
subsets of the evaluated criteriacould, to alimited extent,
predi ct acuteadministration of codeine. Specifically, evalu-
ation of decreased sum of pupillary diameter and de-
creased rebound dilation of pupils could identify the
presence of codeine with moderate efficiency.

Jonasson et al. [110] evaluated 4896 drug screened,
suspected driving under the influence (DUID) cases in
Sweden from 1992-1997. They found that 7.9% of the
cases involved codeine.

Levilleet a. [135] examined therelativerisk of older
drivers(over 65 yearsof age) on prescription medications
for injury in motor vehicles. Two hundred thirty-four
cases were investigated with 447 matched controls. The
relative risk was determined to be 1.8 with codeine being
the most commonly prescribed opioid.

Linnoilaand Hakkinen [137] evaluated the effects of
codeine alone and in combination with a cohol on perfor-
mance in adriving simulator. Seventy professional driv-
ers from the Finnish Army were administered 50 mg
codeine or 50 mg codeine and 0.5 gm/kg acohol in a
doubleblinddesign. They concluded that codeineal oneor
in combination with alcohol increased risks for collision
in both emergency and monotonous driving situations.

Saarialho-Kere et a. [196] examined the effects of a
100 mg dose of codeine alone or in combination with a
0.25 mg/kg dose of diazepam on ten healthy non-users.
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Table 4. Epidemiological studies examining populations with codeine or morphine present involved in accidents or driving

under the influence of drugs

Study Group Result Ref.
1446 apprehended drivers 445 with drug tests 26 of 445 found to have morphine present; 15 of 445 with codeine present [19]
4896 driving under the influence of drug cases 388 had the presence of codeine (mean 0.04 ug/g blood) [110]
234 injured elderly drivers 447 matched controls 1.8 relative risk for auto accident (55% of use was codeine) [135]
214 hair analyses of driving license applicants 14 morphine/6-AM positive greater than 0.1 ng/mg hair [151]
137 driving under the influence of drug cases 15% with opiates present (2 with codeine; 3 with morphine) [176]
854 auto injury victims 5% demonstrated morphine present and 3.8% demonstrated codeine [207]
4860 hair analyses of driver license applicants 4.8-6.7 morphine positives per year from 1996-1998 [213]
2962 hair analyses of driver license applicants 12-46% morphine positives (0.54-1.81 ng/mg hair) per year from 1988-1995 [212]

Tests included body sway, DSST, CFF, Maddox-Wing
(MW), and gaze nystagmus. Codeine did not have a
significant effect onany of theseend-points. Subjectively,
participants rated themselves as mentally slowed by the
codeinedose. Codeineal so appearedto reducetheabsorp-
tion of diazepam.

Walker and Zacny [222] evaluated the psychomotor,
subjective, and physiological effectsof 0, 60, and 120 mg
codeine on twelve healthy volunteers. Tests included the
Addiction Research Center Inventory (ARCI) subjective
effect questionnaire, adrug effect/liking (DEL ) question-
naire, MW, DSST, auditory reaction test, logical reason-
ing, and short-term and long-term memory tests. Physi-
ological end points included heart rate, blood pressure,
arterial oxygen saturation, respiration rate, and miosis.
Plasma drug levels were aso measured. Peak plasma
concentration meanswere 0.126 mg/L for the 60 mg dose
and 0.256 mg/L for the 120 mg dose within 4 h of dosing.
Though codeine increased self-reported “feels drug ef-
fect”, no other significant effects were measured for
codeine.

[I.HYDROCODONE/HYDROMORPHONE

Hydrocodone, dihydrocodeinone, isasemi-synthetic
narcotic prepared from codeine that is more toxic than
codeine. Hydrocodone is available in syrups and tablets
with recommended dosagesfor adults of 5-10 mg threeto
four timesaday and for children 0.6 mg/kg body weight,
divided into three or four doses. An effective antitussive
agent, hydrocodone also produces a number of opioid
effectssuch ascentral nervoussystem depression, miosis,
and an addiction liability. It has been suggested that most
of the opioid effects of hydrocodone actually occur from
the hydromorphone formed during metabolism.

Hydromorphone, dihydromorphinone, isasemi-syn-
thetic narcotic and p-agonist opioid. Hydromorphone,

used therapeutically since 1926, is available in tablets of
2,4, or 8mg; in syrups of 1 and 5mg/5 mL; in solutions
of 1, 2, 4, or 10 mg/mL for 1V, IM, subcutaneous or
intrathecal administration; andalsoin3mgrectal supposi-
tories. A controlled-rel easeformulaisavailablein Canada
but not in the United States. Hydromorphone is used in
post-operative pain management and in the treatment of
some cancer pain. The medical use of hydromorphone
increased by 19% during the time period of 1990 to 1996.
During the same time period, the reports of abuse de-
creased by 15% [112].

A. Pharmacology/Phar macokinetics

During metabolism, hydrocodoneis O-demethylated
to hydromorphone, N-demethylated to form norhydro-
codone, and C6-keto reducedto form approximately equal
amounts of 6a- and 6[3- hydrocol [37,38]. CYP2D6 is
involved in the metabolism of hydrocodone to
hydromorphone. The maximum concentration of
hydromorphone seen after a dose of hydrocodone varies
(greater than five-fold) betweenindividualsin correlation
to their CYP2D6 function. Poor metabolizers excreted
significantly more of the unchanged hydrocodoneintheir
urine. Peak plasma concentrations of hydromorphone
occurred 1-2 h after adose of hydrocodone. Thispotential
increase in hydrocodone concentration does not seem to
cause amarked differencein the pharmacol ogical effects
of a dose of hydrocodone [118,170]. Cone et al. [38]
found 14% of the total urinary recovery of a 15 mg dose
was hydromorphone, 20% was the N-demethylated me-
tabolite norhydrocodone, and 14% was the product of
C6-keto reduction.

Ora hydromorphone is five to seven times more
potent than morphine, i.e., a 10 mg dose of morphine is
equianalgesictoal.5-2 mgdoseof hydromorphone. This
ratio islowered in those who are opioid tolerant to 3:1 to
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5:1. Whenadministeredintravenously, hydromorphoneis
8.5 times more potent in its anal gesic efficacy than mor-
phine and is 60 times more potent than meperidine when
administered epidurally.

Hydromorphone by intravenous administration hasa
rapid onset of effects within 5 min, a short time to peak
effects, within 10-20 min, and arelatively short duration
of action of between 3—4 h. Dizziness, flushing sensation,
sedation, mental confusion, anxiety, fear, dysphoria, nau-
sea, and vomiting are adverse effects of hydromorphone.
A log linear dose-effect relationship for analgesia and
respiratory depression hasbeen seen acrossthedoserange
of 0.5-4 mg in both postoperative patients and normal
volunteers [24,35,144]. In patients receiving large doses
of systemically administered hydromorphone for pain
treatment, neuroexcitatory side effects such asallodynia,
myoclonic jerks, and seizures can occur, caused by the
hydromorphone 3-glucuronide (H3G) metaboliteand may
warrant switching the patient to a structurally dissimilar
opioid (e.g., methadone or fentanyl). The onset of effects
isdelayed to 30 to 180 min after non-intravenous admin-
istration of hydromorphone. Ritschel et al. [190] found
that it took 60 min for 95% of the hydromorphone in a
tablet toberel eased, and 8 hfor 60% of thehydromorphone
in a cocoa butter suppository to be released. Average
terminal elimination half-livesfor thevariousadministra-
tion routes are 2.4-3 h for intravenous administration,
4.10 hfor oral administration, and 3.80 for rectal admin-
istration [35,190,219].

Codaet al. [35] found peak plasma concentrations of
0.00803, 0.01411, and 0.02186 mg/L after intravenous
administration of 10, 20, and 40 ug/kg doses, respectively.
M ean peak plasmaconcentrationsof 0.022 mg/L after oral
administration of 4 mg hydromorphone occurred a 1 h
[219]. Cancer patients given an average daily dose of 48
mg (range 6-216 mg) of controlled-rel ease and immedi-
ate-release hydromorphone showed no significant differ-
enceinthesteady-state hydromorphoneand H3G concen-
trations. After administration of the controlled-release
product, Crax Of hydrocodoneand H3G were0.01776 mg/
L and 0.40169 mg/L, respectively. Administration of
immediate-release drug resulted in Cpa of 0.0197 mg/L
hydrocodone and 0.36774 mg/L H3G. The pharmacoki-
netic profilesof immediate-rel easeand controlled-rel ease
hydromorphone showed no significant differences over
thisdosagerange[92]. Babul et al. [7] again examined the
pharmacokinetic profile of controlled release hydromor-
phone and found similar profiles when comparing chil-
dren and adults being treated for pain. The peak concen-
tration of hydromorphone occurs significantly later with
controlled-release dosing (12 h compared to 0.8 h for
immediate-rel ease), but maintainsat 50% of peak concen-
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tration for significantly longer (31 h compared to 1.6 h).
Similarly, controlled-release hydromorphone produced
analgesic effects that peak later and last longer [3].

Aneffective plasmaconcentration of 0.004 mg/L was
suggested by Reidenberg et al. [188] after examining
chronic pain patients. Inturrisi et al. [108] reported a
concentration of 0.020 mg/L for half-maximum analgesia
in cancer patients. A wide range of effective concentra-
tions was seen in both studies.

Hydromorphoneundergoesfirst-passeliminationfol -
lowing oral administration [190]. Primarily metabolized
to H3G, the mean steady-state molar ratio of H3G to
hydromorphone was 27:1 in adult cancer patients [92].
Two minor metabolites of hydromorphone, dihydromor-
phine, and dihydroi somorphine have demonstrated phar-
macological activity, but their contribution may be mini-
mal due to the small amount formed. Hydromorphone is
primarily excreted in the urine asaglucuronide conjugate
(35%) with minor amounts of dihydromorphine and
dihydroisomorphine conjugate (2%) and unchanged drug
(6%) being found [38,40]. The majority of a dose is
excretedinthefirst 24 hwith thefreeand conjugated drug
reaching undetectablelevel safter 8 and 48 h, respectively
[40].

Hydrocodone and hydromorphone have been ana-
lyzed in aternate specimen matrices. Moore et al. [153]
reported hydrocodone in meconium from two cases. Co-
deine, morphine, and hydromorphonewereal so presentin
one case and morphinein the other. By doing the analysis
both with and without hydrolysis, it was shown that
hydrocodoneissignificantly conjugated to glucuronidein
meconium. Hydrocodone, at a concentration of 0.62 ng/
mg, wasfound in 1 out of 46 postmortem toenail samples
[62]. The half-life of hydromorphonein salivawas found
to be 2.12 h (0.93 SD). Initialy after IV administration,
saliva hydromorphone concentrations are lower than the
plasma concentrations. The saliva concentration peaks
and then drops paralléel to the hydromorphone plasma
levels. Therefore, the saliva/plasma ratio varies during
absorption, distribution, and elimination. Theratioreached
amaximum (approximately 2.3:1) at the time when com-
plete distribution of hydromorphone had occurred (ap-
proximately 40 min) and then remained constant (ap-
proximately 1:1) during the elimination phase [190].

B. Reported Effects on Performance

1. Summary of Clinical Studies

McCaul et al. [148] gave five male former opioid
users 0, 2, 4, or 6 mg of hydromorphone by intravenous
injection. A number of physiological parameters were
monitored, pupil size was photographed, and subjective
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reports were administered every 15 min for 2 h after
dosing. A dose-related constriction of the pupils was
observed with a mean pupil diameter of 6.3 mm prior to
dosing and decreasing by 2.2 and 3.7 mm following the 2
mg dose and 6 mg dose, respectively. Respiration rate
decreased during the 2 h post injection. Dose-related
increases in all measures followed 2 and 4 mg doses of
hydromorphone. No further increase was seen after the 6
mg dose.

Preston et al. [182,183,184] administered 0-3 mg/70
kg hydromorphoneto six, five, and seven male subjects,
respectively, inthreedrug discrimination studies. Inaddi-
tion to the discrimination measures, the test battery in-
cluded a VAS, pharmacological class questionnaire, ad-
jective rating scale and shortened ACRI, physiological
measures including pupillary diameter, and DSST as a
measureof psychomotor performance. Inall threestudies,
hydromorphone produced some significant scores on the
VAS and on a measure of euphoria. Pupil diameter de-
creased by morethan 2 mmafter the3mgdose. Hydromor-
phone dosages did not significantly impair performance
on the DSST.

Olivetoetal. [ 164] administered 1-6 mg/kg hydromor-
phoneto seven healthy mal e and femal e subjectsinadrug
discrimination study. In addition to the discrimination
measures, thetest battery included the ARCI, an adjective
ratingscale, aVAS, and DSST asapsychomotor measure.
Evauations took place 120 and 150 min after dosing.
Hydromorphone did not produce any significant changes
in the ARCI or VAS scores, or the performance on the
DSST.

Pickworth et al. [174] administered asingle oral dose
of 1 or 3mg of hydromorphoneto eight maleformer drug
abusers and evaluated their performance on a battery of
testsfor 5 h after dosing. The test battery included a self-
rating of sedation, DSST, a visua search task, circular
lights, and arithmetic and card sorting tests. Sedation
increased with the high dose and both dosesimpaired the
subject performance on the visual search evaluation.

Walker and Zacny [223] found an orderly dose-
response during an increasing dose cumulative-dosing
regimenwheresubjectsweregiven0.33,0.65,and 1.3mg/
70 kg IV of hydromorphone with 1 h between each dose.
Psychomotor and cognitive performanceswere measured
using MW, an eye-hand coordination test, an auditory-
reaction test, a logical-reasoning test, and DSST. Five
physiological measures were also assessed. Hydromor-
phonewas aslikely to produce drug liking asdrug dislik-
ing. The unpleasant subjective effects continued 4 h after
thelastinjection. Hydromorphonesignificantly increased
subjective sedation and caused dose-proportional miosis.
The psychomotor performance of the subjects was more
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impaired in this study than in previous single dosing
studies. Theseresultsindicatethe potential for cumulative
effectsfrommultipledoses. Hydromorphone caused dose-
proportional impairment onthe MW, DSST, and tracking
tasks.

Hill and Zacny [100] looked at effects of single doses
of hydromorphonefrom 0.33-1.3mg/70kg V. Thestudy
looked at subjective measures, psychomotor/cognitive
performance, and physiological effects. Patients reported
both drug liking and ratings of “feel bad”. Dizziness,
sedation, nausea, and vomiting occurred. Pupil diameter
and respiration rates decreased proportionally with in-
creased drug dosage. Hydromorphone, at the highest dose
tested, impaired performance on DSST, but did not affect
reaction time, eye-hand coordination, logical reasoning,
or memory processes. Thedegree of impairment wasmild
compared toimpai rment with clinical dosesof benzodiaz-
epines and other sedative drugs. Morphine at 10 mg also
used in this study showed no psychomotor impairment.

2. Summary of Epidemiological Studies

Farrell and Cada [64] reported toxicology statistics
for 1194 urine specimens submitted by Drug Recognition
Experts collected over a two year period from subjects
suspected of DUID. Narcoticanalgesicswereidentifiedin
100 specimens (8.4%). Hydrocodonewasidentifiedin 25
of these specimens. It wasthe only opioididentifiedin 19
of the 25 specimens.

DiGregorio et al. [47] tabulated demographic infor-
mation and drug concentrations from 686 DUID cases
with 619 cases deemed to be prosecutable. Hydrocodone
wasidentified in one case; the concentration in the blood
was 0.225 mg/L.

1. METHADONE

M ethadone was devel oped during World War |1 asa
substitute for morphine and heroin. It became available
for clinical useinthe United Statesin 1947. Twenty years
before methadone maintenance began, methadone was
first used by the Public Health Servicefacility in Lexing-
ton, Kentucky to gradually withdraw opioid addicts. In
1965 methadonewasformally introduced asasubstitution
treatment for opioid dependence. Methadone is now the
most widely used pharmacological agent in the treatment
of opioid dependencewith over 100,000 patientsenrolled
in methadone maintenance programs.

M ethadone maintenance programs still remain con-
troversia thirty yearslater. Replacing heroin with metha-
done has not cured all of the problems associated with
addiction. Overdose deaths, the use of illicit drugs, infec-
tions, and crimearestill present. M ethadone maintenance
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programshavesignificantly reduced thenumber of deaths,
reduced the occurrence of infection with HIV, and have
decreased the amount of criminal behavior inthe commu-

nity.
A. Pharmacology/Phar macokinetics

Methadone, along-acting p-agonist indicated for the
relief of moderate to severe pain, is approximately
equipotent to morphine as an analgesic when adminis-
teredparenterally. Commercially availableunder thetrade
name Dol ophine, methadoneissupplied asthehydrochlo-
ride salt of the racemic mixture.

(R,S)-methadone = rac-methadone = d,|-methadone

= racemic methadone; 50:50 mixture
(R)-methadone = I-methadone = levomethadone
(S)-methadone = d-methadone

Thepharmacol ogical activity isalmost entirely dueto (R)-
methadone. With a ten-fold higher affinity at u and &
opioid receptors, (R)-methadone has been shown to have
50timestheanalgesicactivity of (S)-methadonein human
and animal studies. (R)-methadone prevents the occur-
rence of opioid withdrawal symptoms while (S)-metha-
doneisineffective. For oral usage, methadoneisavailable
in tablets of 5 or 10 mg, diskettes of 40 mg or as a syrup
of 1, 2, or 10 mg/mL. A 10 mg/mL solution is aso
available for parenteral injection. The maximal direct
opioid effects occur approximately 3 h after methadone
ingestion causing sedation, altered perception and re-
sponseto pain, and general central nervoussystem depres-
sion. The subjective effects of low psychomotor speed,
alertness, running nose, yawning, and anxiety were all
found to have asignificant association to plasma concen-
tration in methadone maintenance patients studied over a
24 hperiod[101]. Although 50 mg or lesshasprovenfatal
innon-tol erant adults, asmuch as 180 mg/day may beused
in methadone maintenance programs and in rare inci-
dences up to 780 mg/day have been required to prevent
illicit opioid use in some patients. Most deaths that are
related to methadone occur during the first few weeks of
methadone maintenance treatment when fatal respiratory
depressionisarisk.

After oral administration, methadone is rapidly ab-
sorbed from the gastrointestinal tract, and is detectablein
the blood within 30 min. Oral bioavailability of tota
methadonevariesfrom 41-99%. Bioavail ability after oral
admini stration showed no differencebetween enantiomers
indicating no stereoselectivity in the passive diffusion
process. (R)-methadonebioavailability ranged from 66.8—
100% and (S)-methadone ranged from 65.5-100% [ 131].
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The volume of distribution of methadone is large with
average values ranging from 4-6.7 L/kg. With a single
dose, (R)-methadone has a lower protein binding and
therefore has a larger volume of distribution than (S)-
methadone. Inopioidusersreceivinglong-termoral metha-
done, the mean distribution half-life has been reported to
be 5.8 h.

Vauesfor terminal haf-life indicate differences be-
tween the two enantiomers and between healthy subjects
and opioid addicts. (R)-methadone has alonger terminal
half-life, average 37 h (range 30-59) compared to 28 h
(range18-41)for (S)-methadone[129,131,160]. Therace-
mate terminal half-life ranges from 13-60 h. Healthy
subjects, who had never taken methadone, had a shorter
terminal half-life than opioid patients at the beginning of
treatment who in turn had ashorter terminal half-lifethan
opioid patients at steady-state [104,231,234].

Mean ora clearance in healthy subjects and opioid
patients showed the same trend regarding the difference
between enantiomers in healthy subjects and opioid pa-
tients. Kristensen [131] found clearance rates of 158 mL/
min and 129 mL/min for (R)- and (S)-methadone respec-
tively and 96 mL/min for the racemate. Wolff [234]
compared healthy subjects with opioid users and found
mean oral clearancerates of 115 mL/min and 53 mL/min,
respectively.

Although the pharmacokinetics of methadone are
stereosel ective, ahighly significant relationship between
plasma AUC and dose existsfor both (R)-methadone and
(S)-methadone. Thisindicated that the pharmacokinetics
of each enantiomer werelinear after administration of the
racemate over a wide dosage range, 7.5-130 mg/day, in
separate individuals [70].

Following treatment with the same methadone dose,
largeinter-individual variation of methadone plasmacon-
centrations have been documented. Thisvariation ranged
between seven and seventeen fold [54,55]. A detectable
increaseintheplasmaconcentration occurred within 15to
30 minutes peaking between 1-4 h after oral dosing
[45,231]. Peak plasma concentrations after 15 mg, 100—
120 mg, and chronic administration of 100-200 mg doses
were0.075mg/L,0.86 mg/L,and 0.83mg/L, respectively.
The range of peak plasma concentrations seen after high
chronic dosing was 0.57-1.06 mg/L [106]. The peak
plasma concentration after an intravenous dose of 10 mg
was0.50mg/L [104]. Theuseof methadoneintravenously
resulted in a higher concentration to dose ratio of (R)-
methadone (23% increase) due to the loss of metabolism
in the gut wall and loss of the liver first-pass effect [65].
Large interindividual variability in the (R)/(S) plasma
ratio of methadone occurred. Eap et a. [55] found arange
of 0.63-2.4 in plasma samples of 22 addict patients under
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racemic methadone maintenance treatment and arange of
0.55-2.55(mean 1.14; SD =0.37) withalarger population
of 211.

Trough methadone concentrations, those found just
prior to the next methadone dose have aso been deter-
mined. Eap et a. [54] found for 50 methadone mainte-
nance patients receiving 30-230 mg/day (mean 95+44)
trough plasma concentrations of (R)-methadone to range
from 0.060 to 0.583 with amean 0.152+0.091 mg/L,, (S)-
methadone to range from 0.033 to 0.511 with a mean of
0.144+0.092 mg/L, and (R,S)-methadone trough plasma
concentrations to range from 0.097 to 1.094 with amean
of 0.296+0.176 mg/L. Eap [55] measured the trough
plasma concentration of (R)-, (S)-, and (R,S)-methadone
to examinethe correl ation between plasma concentration
and therapeutic response (defined asthe absence of illicit
opioid use). A large interindividua variability in (R)-
methadone concentration-to-dose-to-weight ratios(mean,
SD, median, range: 112, 54, 100, 19-316 ng x kg/mL x
mg) was found. This translates into a theoretical dose of
racemic methadone ranging from aslittle as 55 mg/day to
as much as 921 mg/day to produce a plasma (R)-metha
doneconcentration of 0.250 mg/L ina70-kg patient. With
regard to consumption of illicit opioids, a therapeutic
response was associated with (R)- at 0.250 mg/L and
(R,S)-methadone at 0.400 mg/L but not with (S)-metha
done concentrations. These results both support the past
guideline of 0.400 mg/L that has been used in therapeutic
drug monitoring of methadone patients and indicate that
specific monitoring of (R)-methadone may be necessary
in cases of continued intake of illicit opioids.

Fifteen patients with pain caused by cancer were
administered methadone by continuous infusion for a
period of 180-270 min. Anincreasein pain relief and/or
sedation was seen with increasing plasma methadone
concentrations. The mean estimated values for 50% of
maximum effect for both pain relief and sedation were
essentially the same for the group (0.359 mg/L and 0.336
mg/L) but the range for each varied ten to twenty fold
between patients. Throughout the study no devel opment
of tolerance to the pharmacodynamic effects of metha
done was seen [105].

Differencesin responsesbetween“ holders’ (nowith-
drawa symptoms between dosing) and “non-holders’
(withdrawal symptoms) areduetovariationsinindividual
pharmacokinetics. Specifically, small changesin plasma
concentrationstrangl ateintolargechangesineffect. Clini-
cally important withdrawal is a consequence of rapidly
declining methadone concentration. Changesin mood are
exaggerated in those patients experiencing significant
withdrawal. In comparison to controls, methadone pa-

39

tientsshowed increased anger, depression, tension, confu-
sion, and fatigue, as well as decreased vigor [52,53].
Once-daily dosing may not work for up to one-third of the
population. These patients may require a split dose or an
alternative to methadone if they are to be successful in
their addiction treatment program.

Thedataon blood levelsin deathsattributed to metha-
donetoxicity show nosignificant differencefromlevelsin
methadone maintenance subjects or those having died
wheremethadoneispresent but wasnot the cause of death.
Worm et al. [237] found blood methadone concentrations
averaged 0.28 mg/L (range0.06-3.1) in59 victimsof fatal
methadone overdose. Sixty-two methadone maintenance
subjectsused as controlshad bl ood methadone concentra-
tions of 0.11 mg/L (range 0.03-0.56). Thirty-eight cases
occurred during 1997 and 1998 at the Office of the San
Francisco Medical Examiner in which methadone was
detected. Seventeen of these cases were deemed to have
been caused by methadone toxicity. The mean blood
concentration for all 38 patients was 0.957 mg/L, (SD =
0.681, SE = 0.14). The mean blood concentration of
EDDP was 0.253 mg/L, (SD = 0.529 mg/L, SE = 0.089).
The mean ratio of methadoneto EDDPwas 13.6:1[119].
Milroy and Forrest [150] examined 111 death cases in
which 55 cases had methadone poisoning given asthesole
cause of death. Five victimswere under the age of 14 and
fifty victimswere adults with amean methadone concen-
tration of 0.584 mg/L (median 0.435; range 0.084—2.700).
In 56 cases, death was ascribed to a combination of
methadone and other drugs. M ean methadone concentra-
tionin these cases was 0.576 mg/L (median 0.294; range
0.049-2.440). Multiplesite samplingin 26 casesrevealed
that there could be a 100% discrepancy between metha-
done concentrations from different sites. EDDP concen-
trations have been suggested as a method to distinguish
between acute and chronic use and again chiral analysis
hasthe potential to offer the most beneficial information.

Methadoneis primarily eliminated from the body by
metabolism in the liver. A total of nine metabolites of
methadone have been identified in human urine. Metha
done is metabolized to two minor pharmacologically
active metabolites: methadol and normethadol. The pri-
mary metabolic pathway for methadone is by mono- and
di-N-demethylation, followed by spontaneouscyclization
to form 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrroli-
dine(EDDP) and 2-ethyl-5-methyl-3,3-diphenylpyrroline
(EMDP). Theprocessof N-demethylation hasbeen shown
to not be markedly stereoselective. Methadone, EDDP,
and EDMP a so undergo hydroxylation in the para-posi-
tion of one of the phenyl rings and glucuronide conjuga-
tion.
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Methadone is metabolized extensively by the cyto-
chrome P450 enzymes, primarily viaCY P3A4, with pos-
sible involvement of CYP2C9 and CY P2C19. There are
mixed reportsin the literature regarding the involvement
of isoenzymes CYP1A2 and CYP2D6, with CYP2D6
preferentially metabolizing (R)-methadone. Following a
singleoral dose of methadone, unchanged methadoneand
EDDP account for up to 50% of the dose. Other identified
metabolites contribute very little, quantitatively. Metha-
done may account for 5-50% of the dose in 24 h urine
specimensof methadonemaintenancesubjectswithEDDP
accounting for 3-25% of the dose. Since methadoneis a
weak base, urinary pH hasamarked effect onitsexcretion
into urine. Acidifying the urineresulted in an increasein
the amount of unchanged methadone excreted, leading to
increased drug clearance. Nilssonet al. [162] found excre-
tion percentages of 22% of the prescribed dosein 24 hfor
acidic conditions compared to only 5% under alkaline
conditions. Less effect of urine pH on EDDP excretion
was observed. Variations in urine drug concentrations
also are effected by urine volume, dose, and rate of
metabolism. Patientsexcretesignificantly more(R)-metha-
done and (S)-EDDP than the corresponding enantiomers.
Lesser amounts of EDDP are found in the feces, 6-18%,
with methadone found at less than 1% of the dose.

Other drugsthat competefor thesamebinding sitesin
the plasma, or that are metabolized by the same enzymes
intheliver, canmodify theaction of methadone. Sertraline
inhibited methadone metabolism in thefirst six weeks of
treatment causing an increase in plasma methadone lev-
els. Plasma levels returned to baseline by week twelve
[93]. Theantitubercul osisdrug Rifampin lowered metha
done plasma levels, but Rifabutin did not affect metha-
done kinetics. Within the group of anti-epileptic drugs,
phenytoin lowered blood levels of methadone, and
phenobarbital and carbamazepine increased methadone
metabolism. Plasma levels of methadone increased by
20-100% in the presence of the benzodiazepine
fluvoxamine increasing the risk of fatal respiratory de-
pression. Buprenorphine at doses of 1 and 2 mg is a
morphine agonist. Pure morphine agonists increased the
risk of respiratory depression while partial agonists in-
creased the likelihood of withdrawal symptoms [200].
Concomitant use of amitriptyline lowered the plasma
concentration of methadone by increasing the plasma
concentration of alphal-acidglycoprotein, themain bind-
ing protein of methadone in the blood. Only afew of the
many potential interactions have been studied. A list of
medications that potentially could influence methadone
metabolism due to an effect on CY P3A4 can be found at
the URL “www.urmc.rochester.edu/urmc/AAPCC/
tables.html”. Drugs of abuse aso have been shown to
affect methadone blood levels. Accelerated metabolism
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of methadone occurred when taken by cocaine users
[215]. Methadone and alcohol compete for CY P450 en-
zymes, thereby slowing metabolism in acute intake [43]
and potentially increasing metabolism in alcoholics that
become abstinent [130].

Methadoneeliminationissignificantly morerapidfor
pregnant patients (half-life 19 h) compared to non-preg-
nant patients(half-life30h). Pregnancy may al sodecrease
the fraction of methadone absorbed, thus impacting the
apparent clearance and volume of distribution. Differ-
ences in hormone concentrations during the phases of
pregnancy couldsignificantly alter theabsorptionof oraly
administered drugs, such as methadone. Less extensive
methadone gastrointestinal absorption may also contrib-
ute to lower plasma concentrations during pregnancy
[109].

Interindividual variation istoo great to correlate uri-
nary excretion concentrations of methadone or EDDP to
methadone dose. Thisrelationship does not improve with
correcting for creatinine concentration in urine speci-
mens. If a single subject is repeatedly monitored over a
period of several days, it may be possible to determine a
trendfor that individual . However, thisrequiresquantitation
of every urinespecimen andthereforeisnot practical [77].
Urine concentrations of methadone in seventeen cases of
methadone toxicity were similar between the cases in
which death was deemed to have been drug related and
thoseinwhichitwasnot. A mean concentration of 5.2 mg/
L (SD = 3.6 mg/L) was found in drug related cases and
5.86 mg/L (SD =6.4mg/L ) in caseswheremethadonewas
anincidental finding. Theconcentration of EDDPalsodid
not differ significantly between the two groups. For drug
related deaths, the EDDP concentration was 6.55 mg/L
(SD =5.6 mg/L) compared to 11.8 mg/L (SD = 16.7 mg/
L) in cases where methadone was an incidental finding
[119].

Methadone has been identified in many alternate
matrices. Stolk et al. [208] found a positive relationship
between the concentration of methadone in meconium
and the methadone dose of the mother. EDDP concentra-
tion did not relate to dose. The amount of EDDP in
meconium was 9.6 times higher than the concentration of
methadone with EDDP only found in eight out of 39
meconium samples from 16 neonates over a period of
seven days. EISohly [61] analyzed 50 pooled meconium
samples. All samples screened negative by EMIT-ETS
immunoassay. GC-MS analysis showed that four con-
tained methadone (35.2-79.9 ng/g), EDDP (28.5-557.2
ng/g), or both, with no detectable amount of EMDP. The
screening false negatives were attributed to the immu-
noassay being targeted to methadone and not its metabo-
lites.
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Nail clippings (0.18-16.33 mg) were collected from
30 adults participating in a methadone maintenance pro-
gram. Decontamination of the nailswasfollowed by base
hydrolysis. The sampleswere screened for methadone by
EIA and confirmed by GC-MS. The mean methadone
concentrations in the fingernail clippings determined by
EIA and GC-M Swere 32.8 and 26.9 ng/mg, respectively
[132].

Wilkinset al. [227] found hair concentrations (n= 2)
ranging from 10.1-21 ng/mg methadone and 0.5-2.6 ng/
mg EDDP. Kintz et a. [126], using enzymatic hydrolysis
followed by solid-phase extraction and analysis by LC-
ion spray-MS, analyzed nine hair specimens from sub-
jectsunder racemic methadonetreatment, and found 2.58—
10.22 ng/mg of (R)-methadone, 1.89-9.53 ng/mg of (S)-
methadone, 0.42-1.73 ng/mg of (R)-EDDP, and 0.40—
2.10 ng/mg (S)-EDDP. The results support the predomi-
nance of the (R)-enantiomer of methadonein human hair.
Goldberger et a. [83], using GC-MS, analyzed 20 hair
samples collected from heroin users enrolled in an outpa-
tient detoxification study and found concentrations of 0—
15 ng/mg of methadone and only traces of EDDP. Girod
and Staub [80] used GC-M S-positiveionchemical ioniza-
tiontoanayzehair samplesfrom 261ong-term methadone
therapy patients. They found no significant correlation
between methadone dose and its concentration in hair.
They alsofound nosignificant correl ation between metha-
done concentration in blood and in hair. Quantitation of
EDDP was possible in only approximately 50% of the
cases(LOQ0.2ng/mg). M ethadone concentrationsranged
from 0.7-43 ng/mg (0.1-0.6 mg/L inblood) and EDDPin
thirteen samplesranged from 0.3-5ng/mg. No EDDPwas
found in the blood samples using an LOQ 0.05 mg/L.

Methadone levelsin breast milk have also been stud-
ied. Two women on high doses of methadone showed
minimal transmission of methadone into breast milk re-
gardless of the mother’ s methadone dose [78]. In astudy
by Wojnar-Horton et a. [229] twelve women receiving
20-80mg/day of methadone supplied breast milk samples
for analysis. Assuming an average milk intake of 0.15L/
kg per day, and abioavailability of 100%, the exposureto
the infants was calculated to be 17.4 (10.8-24) micro-
grams/kg per day (2.07-3.51% of the maternal dose). No
adverseeffectswereattributableto methadoneinthemilk.
Another group of eight women on doses of 25-180 mg/
day of methadonewerefound to have breast milk level sof
methadone that ranged from 27—260 ng/mL, with amean
methadonelevel of 95 ng/mL. The mean daily methadone
ingestion, based on a newborn intake of 475 mL/day of
breast milk, was 0.05 mg/day [147].

Salivaconcentrations of methadone have been eval u-
ated. MethadonewithapKaof 8.3islargely ionized at the
unstimulated salivary pH of 5.6 —7 and tends to accumu-
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latein the saliva. A slight change in saliva pH will affect
thediffusion of methadone. Aninverserelationship exists
between saliva pH and methadone concentration. The
salivary concentration of EDDP was not influenced by
salivary pH [17]. The reports of saliva/plasma ratio of
methadone vary in the literature with reported values of
0.51-10[17,59,116,142,230]. Total methadone determi-
nation correl ates poorly between salivaand serum. Ortelli
et a. [169] again found no correl ation between serum and
saliva concentrations but did establish agood correlation
(r? = 0.91) between the (R)/(S) ratio of the two matrices.
Onehundred clinical samplesfrom heroinaddictsthat had
reached steady state in their methadone treatment were
analyzed. Preferential binding of (S)-methadoneto blood
protein produced ahigher (R)/(S) ratioinsaliva, between
1 and 9, when compared to the (R)/(S) ratio in blood that
ranged between 0.5and 3. Bermejoetal.[17] cautionsthat
themethod of collection can greatly influencethe concen-
tration of drug in the saliva sample. Collection with
Salivette resulted in 30-40% lower concentrations of
methadone and EDDP when compared to the direct spit-
ting method of collection.

Sweat patches were applied to 20 subjects that re-
ceived 80-100 mg of racemic methadone. The sweat
patchesremained in placefor 72 h. Subsequent enantiose-
lective separation and analysis of methadone was done by
liquid chromatography/ion spray-massspectrometry. (R)-
methadone wasfound in concentrationsranging from 26—
1118 ng/patch and (S)-methadone was found in concen-
trationsranging from 28-1114 ng/patch. The (R)/(S) ratio
ranged from 0.72—2.66 with it greater than 1.00 in fifteen
samples. No correlation was found between the dose of
methadone and the concentration of methadone in the
sweat patch [127].

B. Reported Effects on Performance

1. Summary of Clinical Studies

Table5 providesasummary of methadone controlled
adminstration studies while Table 6 provides asummary
of population studies.

Gordon et a. [87] examined Wechsler Adult Intelli-
gence Scale (WAIS) scores of 155 methadone mainte-
nance patients on doses ranging from 70-100 mg per day
and found no departure from the expected normal popula
tion |Q distribution. Gordon and Lipset [86] administered
this sametest to thirty of these same subjectsin afollow-
up study and again found normal intellectual functioning.

Gordon [88] compared the performance of metha
done patients and control groups on three reaction time
tests. The control groups consisted of non-drug using
subjects and detoxified heroin users. Simple reaction
time, multiple discrimination/multiple response reaction
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Table 5. Overview of controlled administration studies of methadone with psychomotor and cognitive effects

Dose Study group? End point measured®? EffectsaP Ref.
70-100 mg 155 MM WAIS No departure from normal population |Q [87]
Maintenance MM/CTR SRT, CRT MM reaction times faster than controls [88]
Maintenance MM/CTR SRT No effect of methadone on reaction time [85]
35-85mg 10 MM/5CTR, PHYS, EEG, CMI, MAACL, EEG difference related to dose; no reaction time deficit; significant [90]
10 abstinent DSST, COT, HWT, etc. impairment on attention, perception and learning tasks
80-120 mg MM/CTR DSST No impairment to attentional function [4]
50, 80 mg 38 MM WAIS No performance difference between the dosages [139]
20-70 mg 12 MM/12 CTR SRT, vigilance No reaction time deficit in MM; dose-related slowing of reaction time [195]
in CTR; CTR with impairment to vigilance, MM improvement
20-120 mg 30 MM Distance and time, SRT, Only distance perception impairment reached significance [122]
CRT, memory, attention
Maintenance MM/CTR Visua function, tracking, Impairment to rate of information processing in MM [158]
psychomotor, perceptual,
instrumented car
5o0r 10 mg Non-addicts Eye movements Driver will obtain lessinformation and suffer aloss of visual acuity [194]
Maintenance MM/CTR Sustained attention No difference between groups [5]
60-110 mg 15 MM/16 CTR Information processing, MM showed a slower rate of information processing from immediate [192]
divided attention and to short-term memory
tracking
Maintenance MM/CTR 3 tracking tasks SRT No significant performance differences in groups [157]
10-180 mg 34 MM SRT, verbal and visual memo- Methadone plasmalevels: 0.09-1.32 mg/L; 22/34 achieved score [193]
ry, attention, and concentration necessary for driving test
17.5-60 mg 13 MM/13 CTR Short term memory, tracking, 6 MM = control performance, all others poorer; significant decrement [206]
decision and reaction time, in tracking, reactive stress; pychopathological shortcomings large
perception, attention, per- factor; genera opinion: unfit to drive
sonality
100 mg (average) 34 MM Preliminary evaluation No significant loss in performance; 70% had psychiatric disorders; [76]
15-150 mg, di- MM (3groups) CTT,VST No effect of the acute or increased dose of methadone; methadone [28]
azepam 15mg, CTR (2 groups) impairment |ess than ethanol or diazepam; poorer performance of
ethanol 0.064% MM attributed to other factors
29/34<60mg 34 MM Concentration, attention, Methadone only — no impairment; 2/3 had positive urine test for [96]
reaction, memory, multiple drug use; mixed drug use and personality disordersis of
coordination greater importance
Maintenance 28 MM/28 CTR Traffic relevant tests 6 out of 28 had sufficient driving skills; majority showed reduction [48]
of psychomotor skills
Maintenance 30 MM/30 CTR Information processing, Cognitive impairment in MM (almost 50% severely impaired); high  [44]
memory, attention, rates of psychiatric morbidity, increased exposure to overdose and
problem solving history of alcohol dependence
Maintenance 54 MM/54 CTR Attention, perception, 54% had no results out of the normal range; felt observed variances  [205]

reaction time, tracking,
visual structuring

better explained by sociodemographic factors

8 MM: Methadone maintenance subject; CTR: Control subject.

b WAIS: Weschler Adult Intelligence Scale; SRT: Simple reaction time; CRT: Complex reaction time; PHY S: Physiological testing (varied com-
bination of heart rate, blood pressure, skin temperature, etc.); EEG: Electroencephalograph; CMI: Cornell Medical Index; MAACL: Multiple
Affect Adjective Checklist; DSST: Digital symbol substitution test; COT: Cross-Out Test; HWT: Hidden Word Test; CTT: Complex tracking
task; VST: Visua search task.
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Table 6. Epidemiological studies examining populations with methadone present involved in accidents

or driving under the influence of drugs

Study Group? Result 2 Ref.
1562 MM/1059 CTR Interview and driving records indicate no difference in violation rate [20]
448 MM/182 CTR Driving records showed no difference in violations or accident rate [6]

104 addicts prior to and after MM MM — Increase in speeding violations; no accident rate difference [143]

1882 fatal drivers
1194 DRE - DUID cases

Toxicology analysis of blood; prevalence rate of methadone: 0.1% [216]
Urine toxicology found methadone in 13 specimens (1.1%) [64]

462 traffic cases (36.6% accidents, Methadone third most frequent drug in DUID cases; fifth most frequent [120]

63.4% DUID)

in accident cases; multiple drug use common in methadone cases

a MM: Methadone maintenance subject; CTR: Control subject; DRE: Drug recognition expert; DUID: Driving

under the influence of drug.

time, and multiple discrimination/single response reac-
tion time were all evaluated. The reaction times of the
methadone groups were faster than those of both control
groupswith the non-drug using control group being slow-
est. The results were attributed to greater motivation,
higher level of arousal, and pre-addiction differences.

Gordon and Appel [85] compared the auditory reac-
tion time performance of methadone patients 1 h post
dosing and 24 h abstinent from their daily dose. No effect
of methadone was observed on patient reactiontime; they
were either equal to or shorter than those of control
subjects.

Gritz et a. [90] determined that methadone intake
influenced the gross appearance of the EEG spectra.
Furthermore, the level of dosage affected the degree of
EEG differences. EEG differences were seen in subjects
in an abstinent group for three months. Physiological and
psychological measures were also evaluated in the same
ten methadone subj ectsand ten abstinent control subjects.
The psychological battery that was used to determine the
cognitive ability and emotional state of each subject
included the DSST, learning and recall tests, anumber of
recognition tests, and questionnaires to assess mental
health. Respirationand heart ratewerelower inthe metha-
done subjects. M ethadone subj ects showed impaired per-
formance on attention, perception, and learning tasks. No
reaction time deficit was observed.

Appel and Gordon [4] used the DSST to assess the
performance differences between four subject groups.
Two groupswere methadone mai ntenance patients, those
withandwithout jobs, who received 80—120 mg of metha-
doneper day. The other two groups served ascontrolsand
were comprised of drug-free former heroin users and
drug-free subjectswith no history of opioid abuse. Atten-
tion functions, as determined by the DSST, were not
impaired.

Lombardo et al. [139] assessed the difference in
impairment between two dosage groups (50 mg and 80
mg) of methadone maintenance subjects. No significant
difference between thetwo groupswasseen onthe WAIS.

Rothenberg et al. [ 195] examined attention capability
intwelve methadone maintenance pati ents, receiving 20—
70 mg per day, and twelve control subjects. A vigilance
task anda110itemsimplereactiontimetask wereused for
thisassessment. A monetary reward for performance was
offered. The methadone subjects showed significantly
shorter simple reaction times and missed significantly
fewer responses. When 5 or 10 mg of methadone was
givento the control subjectsthey exhibited adose-related
slowing of reaction time. No changein reactiontime after
methadonedosing wasseeninany methadonesubject. For
all subject groups, thepre-drug reactiontimeswereshorter
with the monetary incentive than without the incentive.
The vigilance task showed no pre-drug differences be-
tween the groups. After drug administration, the control
group showed a decrement in performance while the
methadone subjects showed improvement. Methadone
patients were able to take up to half again their normal
methadone dose without a decrease in performance on
these tasks.

Kelley et a. [122] assessed the ability of subjects
(methadone maintenance patients) to engagein necessary
everyday activitiesthrough abattery of testsgiven 1 hand
24 h post dose. The thirty subjects methadone dose
ranged from 20-120 mg per day. The battery of tests
included auditory threshold, distance perception, simple
and differential reaction time, time perception, short-term
memory, and attention span. Thetest design wasmeant to
detect any differencesin performancethat could be asso-
ciated with an increase or decline in blood methadone
concentration. A decrement in distance perception was
the only significant result.
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M oskowitz and Sharma[ 157] compared theresponses
of patientson amethadone program with those of matched
drug-free former addicts performing tests of visual func-
tion, psychomotor, perceptual, and tracking tasks as well
as tests of oculomotor functions. Only a decrement in
performance in the rate of information processing by the
methadone patientswasobserved. Aninstrumented car on
aclosed course was also used to compare driving perfor-
mance of methadone patients and drug-free former ad-
dicts. No consistent group differences were identified.

Rothenberg et al. [194] looked at the effect on sac-
cadic and smooth pursuit eye movements of 5 or 10 mg of
methadone given to non-addict volunteers. In these non-
tolerant subjects, methadone delayed the initiation of the
saccade, caused an increasing undershoot of the saccade,
and reduced the gain of smooth pursuit tracking. The
ramificationstodrivingwerethat thesubject would obtain
lessinformation about atarget and suffer alossin visual
acuity.

Appel [5] examined sustai ned attention of methadone
patients, drug freeex-addicts, and opioid naivesubjectson
acontinuousperformancetask. Overall, nodifferencewas
seen between the groups.

Robinson and Maskowitz [ 192] assessed information
processing, divided attention performance and tracking
performance of 15 male ex-heroin users in a methadone
mai ntenance program receiving 60—-110 mg of methadone
daily with that of 16 male ex-heroin usersthat were drug-
free. Both groups performed the test battery twice with 2
h between sessions. Themethadone group wasgiventheir
dose of methadone at the completion of the first session.
The methadone maintenance subjects processed informa-
tion from immediate to short term memory more slowly.
Thiswasattributedtolong-term methadoneintakeand not
the single dose taken during testing. The methadone
subjects showed no performance decrements in visual
acuity, tracking performance, visual search rate, reaction
times, or peripheral visionin divided attention conditions.

M oskowitz and Robinson [157] examined the perfor-
mance of methadone patientsand ex-heroin userson three
different tracking tasksthat eval uated compensatory, pur-
suit, and critical tracking. Again, asinthestudy above, the
testing took place prior to dosing and 2 h post dosing.
There were no significant differences in performance
across treatment sessions or between groups.

Rossler et al. [193] examined 34 Austrian probation-
ers undergoing substitution treatment for at least six
months with the dosage of methadone ranging from 10 —
180 mg. The methadone plasma levels correlated well
with the administered dosage and ranged between 0.09
and 1.32 mg/L. Subjects were assessed on reaction rate,
verbal memory performance, recent visual memory, at-

tention, and concentration. Twenty-two out of thirty-four
achieved the average performance necessary to assess
them as able to drive in every psychological test.

Staak et al. [206] eval uated 13 methadonepatientsand
13 matched control subjects. The methadone patients
yielded significantly poorer resultsthan the control group
when evaluated for short term memory, tracking, decision
and reaction behavior, perception, sustained attention,
speed estimation, peripheral attention, and reactive load-
ing. Personality questionnaires revealed methadone pa-
tients to be more apprehensive, have less self-control, to
belessself-reliant, and mentally lesshealthy. Six patients
were singled out as“very good patients’, optimal metha-
done therapy patients, by the physicians. The differences
between their performance and the performance of the
control group were insignificant but some differencesin
personality traits remained.

Gastpar [ 76] studied 34 methadone patientsreceiving
an average of 100 mg methadone/day. Preliminary evalu-
ation of al subjectsdid not revea any significant perfor-
mance impairment due to methadone. However, the re-
sultsvaried greatly. Twelve had not taken other drugs, ten
had consumed cannabinoids and twelve other psychotro-
picdrugsin additionto methadone. Theauthor stressesthe
need for evaluation of the psychologica state of the
patient in each case as approximately 70% of the patients
revealed psychiatric disorders.

Chesher et al. [ 28] used threetasksto eval uate perfor-
manceon skillsnecessary for driving amotor vehicle. The
evaluation included a divided attention task that was
composed of a compensatory tracking task (CTT) and a
visual search task (VST) conducted simultaneously, a
critical tracking task, and a vigilance task. Subjects were
dosed with methadone, alcohol (0.064%), diazepam (15
mg), or combination methadone and alcohol, or metha-
done and diazepam. Three groups of methadone clients
were evaluated and divided based on their exposure his-
tory. Onegroup consisted of stabilized methadone clients
that had been on the same dose of methadone for at |east
six months with amean methadone dose of 85 mg (range
40-150 mg). Thesecond group consisted of clientsbegin-
ning the methadone program with a mean dose of 38 mg
(range of 15-60 mg). Thethird group consisted of clients
that were receiving an increase of 10 mg per day in their
methadone dose; the mean dose of this group was 67 mg
with arange of 40-135 mg. Control groups included ex-
opioid usersthat were currently drug free and non-opioid
users. No effect of an acute dose of methadone was seen
in any of the experimental groups. Both acohol and
diazepam produced a significant decrement in tested per-
formance by both control groupsand the stabilized metha-
done group. There was no indication of interaction be-
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tweenthemethadoneand either theal cohol or thediazepam
in the stabilized methadone subjects. The overall scores
on thetest battery showed atrend for poorer performance
by the methadone clients, just reaching significance for
the stabilized group. The performance decrement was
considerably lessthan that of subjects dosed with alcohol
alone. It wasthe opinion of theauthorsthat the pharmaco-
logical effects of methadone were not the cause of this
slightly poorer performance. They suggested that factors
including unemployment, life-style, and social and per-
sonality disorders could play a contributory role.

Hauri-Biondaet al. [96] studied the effect of athera-
peutic methadone dose on traffic-related performance of
drivers. Thirty-four subjects, the majority of which were
on alow dosage of maintenance methadone (up to 60 mg/
day), were eval uated by apsychophysical test battery that
consisted of tenindividual performancetests. Thesetests
assessed concentration, attention, reaction capability,
memory, perception, and sensor-motor coordination. Urine
testing of 2/3 of the test subjects revealed evidence of
other drug use with cannabis metabolites being most
frequently found. Compared to the control group, the
methadone group achieved lower results for amost all
variables. Performance deficits were most obvious in
sustai ned attenti on capability, sensor-motor coordination,
and reaction capability. Twelve subjects that showed no
other drug consumption performed better than the metha-
donegroup asawhole, but resultsstill tended to be poorer
than the control group. “Methadone only” subjects with
no current subjectivemethadoneinfluencehad resultsthat
equaled the control group and/or test norms. For subjects
that consumed other psychotropic drugs during the sub-
jective methadone phase, a marked impairment to sus-
tained attention and reaction time was observed. This
study supported previous research showing that under
certainconditions, subjectsonlong-term methadonemain-
tenance can perform equal to a control group on this
psychophysical test battery. Driving ability of the metha
done substitution patient does not depend on the metha
donetherapy itself nor on the amount of methadone taken
but on the presence of mixed drug use and the personality
of the person.

Dittert et a. [48] looked at the driving ability of
patients in a methadone substitution program. Twenty-
eight patients were compared to an equal control group.
Only six of the methadone patients were deemed to have
sufficient driving skills. Therewasno significant correla-
tionwith apatient’ sageor doseof medication. M ethadone
substitution did not result in driving inability but the
majority of these patients did show reduction in their
psychomotor skills.

Darkeet al. [44] compared the cognitive performance
of 30 methadone maintenance patients to that of 30 non-
heroin control subjects. All subjectswere (a) interviewed
to discover information on drug use history, (b) assessed
for psychologica distress through the General Health
Questionnaire, and (c) completedthe WAIS, theWeschler
Memory Scale-Revised, the California Verba Learning
Test, the Complex Figure Test, the Controlled Oral Word
Association Test, and the Wisconsin Card Sorting Test.
This battery of tests was used to determine the subject’s
ability to process information, pay attention, learn, re-
member, and problem solve. The methadone subjects
were found to have a significantly higher rate of alcohol
dependence, heroinoverdose, and headinjury. Asagroup,
the methadone subj ects performed significantly poorer on
all of the neuropsychol ogical measures. Information pro-
cessing, attention, short-term visual memory, delayed
visual memory, short-term verbal memory, long-term
verbal memory and problem solvingall showed decreased
performance. Almost half of the methadone subjects in
this study had cognitive impairment in the severely im-
paired range. Asexpected dueto thelong-term stability of
the patients, no significant correlation between metha-
done dose and performance was seen among the metha
done group. Theresearchers concluded that while neither
heroin nor methadone are neurotoxic, other factors asso-
ciated with heroin use have implications for cognitive
impairment and |eads one to suspect an excess of cogni-
tiveimpairment among methadone maintenance patients.
These factors can be divided into three categories: over-
dose (brain damage due to prolonged hypoxia), alcohol
abuse, and exposure to violent or traumatic head injury.

Specka et al. [205] assessed the performance of 54
methadone maintained patients and 54 controls matched
for age, gender, and education on a battery of six cogni-
tive-psychomotor performance tests. Attention and per-
ception tasks were impaired in methadone patients. On a
simple-choice reaction test, methadone patients showed
higher speed in decision making and motor reaction but
had an increase in decision errors. On a tracking test,
methadone patients showed fewer deviationsbut required
more time for the test. The patients did poorer at higher
speeds. The authors felt that the observed variance was
better explained by sociodemographic features than by
bel onging to the group of methadone patients and recom-
mended that fitness to drive be determined individually.

2. Summary of Epidemiological Studies.

Blomberg and Preusser [20] gathered data on 1562
methadone maintenance patients in New York State
through interviews and compared this data to that of a
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control group of 1059 people. Driving records for 718
methadone patients and 579 control subjects were also
obtained and analyzed. The driving records indicated no
differencein violation rate between the groups. Accident
rates of methadone patients compared favorably with
New Y ork drivers of similar age and sex.

Babst et al. [6] examined driving records of 448 New
Y ork State methadone maintenance patientsand matched
them to asample of 182 male driversin New Y ork City.
When compared by age group, conviction rate, accident
rate and type of accident were about the same.

Maddux [ 143] compared drivingrecordsof 104 heroin
addicts during the year prior to admission to amethadone
mai ntenance program and during theoneyear after admis-
sionwhilethey were maintained on methadone. A signifi-
cant increase in speeding convictions during the year on
methadone was found. Changesin convictions for negli-
gent collision, other moving violations, or accidentswere
small and insignificant. Thefrequency that these subjects
were involved in accidents did not differ significantly
from that of all Texas licensed drivers.

Terhune et a. [216] collected blood specimens from
1882 drivers of passenger cars, trucks, and motorcycles
who died within 4 h of a crash. Toxicology anaysis
identified 57.9% of the drivers as having at least one
substance, alcohol or drug, detected. The prevalencerate
of methadone was 0.1%.

Farrell and Cada [64] reported toxicology statistics
for 1194 urine specimens submitted by Drug Recognition
Experts collected over a two year period from subjects
suspected of DUID. Narcoticanalgesicswereidentifiedin
100 specimens(8.4%). M ethadonewasidentified in 13 of
these specimens. It was the only opioid identified in 7 of
the 13 specimens.

Karlovsek [120] reviewed 462 cases submitted for
toxicol ogical examinationsduringthetimeperiod of 1991
and 1997. Traffic accidentshad occurredin 36.6% and the
remaining 63.4% were suspected of driving under the
influence of drugs. One or more psychotropic drugswere
found in 54.3% of the samples with 19.4% of these
positive for methadone. In the samples from traffic acci-
dents, methadone was the fifth most frequent drug found
(17.2%). In the samples from suspected drivers, metha
done was the third most common drug found (19.2%).
Multiple drug use was frequently detected in the metha-
done positive samples. In only 14 out of 74 (18.9%)
methadone caseswas methadonethe only drug identified.
Opioids were found in 61% of the methadone positive
cases, benzodiazepines in 29.7%, and cannabinoids in
22.9%. Current traffic legislation classifies driving under
the influence of methadone prescribed by a doctor as a
minor offense but methadone program subjects do not
meet the health criteria required for obtaining a driver’s
license.
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IV.MORPHINE

Morphineiswidely used in the management of mod-
erate to severe pain. Multiple preparations are available
for the administration of morphine by subcutaneous, in-
tramuscular, intravenous, epidural, or intrathecal injec-
tion. Typical dose ranges are 1-10 mg/kg. Oral prepara-
tions are also available in standard release and extended
release. Oral dosages range from 20—200 mg per day.

Morphine is the archetypical | receptor agonist. As
such it produces antinociceptive response at both the
spinal level and brainlevel. Thesideeffectsaretheclassic
opioid effects of nausea, dry mouth, miosis, and constipa-
tion. Morphine is also usualy referred to as a centra
nervous system depressant. However, opioids also have
psycho-stimulant propertiesindependent of any analgesic
effects. For morphine, these effectsappear to be primarily
modulated by stimulation of dopamine release in the
nucleus accumbens [46].

A. Pharmacology and Phar macokinetics

The serum half-life for morphineisabout 3 h. Table
7 containsreported serum concentrationrangesafter vary-
ing dosages. A single intramuscular 8.75 mg/70 kg dose
resulted ina0.070 mg/L peak serum concentration 10-20
minafter dosing[16]. Vianioetal.[218] reported asteady-
state blood morphine of 0.066 mg/L in cancer patients
receiving 209 mg/day. Westerling et al. [225,226] re-
ported 0.0071 mg/L serum morphine after a 10 mg 1V
dose.

Duetohighfirst passmetabolismonly 20-40% of oral
morphineishbioavailable[225]. Approximately 5% of the
doseisN-demethylated to form normorphinethat doesnot
appear to have pharmacological activity. The majority of
morphineis conjugated to form morphine-3-glucuronide
that then undergoeshiliary excretion[11]. Upto 87% of a
morphine dose is excreted in the urine with 75% present
as morphine-3-glucuronide.

In vivo, M6G is much more active than morphine
itself with an ED50 for morphine of 928 ng and 7.3 ng for
M6G [246]. Permeability of M6G may be greater than
anticipated due to conformational forms of M6G that
minimizepolar group exposure[159]. Thisiscontradicted
by Wu et al.[239], who reported a32 fold lower uptake of
M6G into the brain than morphine.

Miosis, vomiting, unconsciousness, and respiratory
depression classically indicate overdose of morphine.
Doses greater than 30 mg parenterally or 100 mg orally
can be toxic to a naive adult. Doses of 120 mg may be
lethal. Oneindividual demonstrated blood concentrations
of 0.62, 6.2, and 11 mg/L of morphine, morphine-3-glucu-
ronide and M6G 60 h after a5 g dose of extended release
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Table 7. Overview of controlled administration studies of morphine with psychomotor and cognitive effects

Drug Dose Study group? End point measured® Effects Ref.
Morphine 0, 0.214, 0.286, 0.357, 24/21 NU AVLT, PMC, PASAT, SRE; Reported tired and mental clouding; impairment on [34]
0.429 mg/kg orally 15h AVLT at high doses; no motor, perceptual impair-
ment
Morphine 0,5,10 mg/70kg IV; (0, 9/0U PHY S, SRE; 0-110 min Increased reporting of “sedated”; significant increase [67]
(cocaine HCI) 8, 16, 32 mg/70 kg) in heart rate, blood pressure; plasmalevels with
linear decrease from ~20-100 min
Morphine 0, 10, 15 mg orally 8/4NU  CFF, SRE, word recall, Significant reduced CFF, delayed word recall; 15 [94]
recognition; 1-6 h mg dose produced significant improvement in
reaction time
Morphine; hy- 0, 5, 10 mg/70kg 1V; O, 12/5 NU; ARCI, VAS, DEL, MW, No psychomotor impairment for morphine, signifi- [100]
dromorphone 0.33, 0.65, 1.3 mg/70 kg DSST, PHYS; 0-300 min  cant miosis, increased reported “feeling” drug
v effect; modest psychomotor impairment for hy-
dromorphone
Morphine 20, 40, 80 ng/mL target 15/0 NU  FT, isometric force control, Impaired isometric force control; impaired cogniti- [123]
plasmaby infusion COG; 60 min ve function
Morphine 30-150 mg/day 0/6 VAS, EPR, vigilance COG Reduced pain response, improved cognitive status [141]
due to removal of pain stress
Morphine 10mg4dosesat4hin- 46 NU  CRT, CFF, word recall, Morphine improved accuracy on CRT; Subjective [166]
tervals; 4 sessions orally number vigilance, SRE calmness; no impairment of psychomotor function
Morphine 0, 10, 30, 56, 100 mg 9/0U DSST, ARS, VAS,ARCI, Significant increasesin subjective effectsscales;  [173]
oraly PHYS; 04 h significant dose dependent effect on DSST miosis
heart rate, BP and skin temp
Morphine 209 mg/day mean orally  22/27 FT, PHYS, ART-90 No psychomotor hazards to traffic; slight dose de- [218]
pendent effect on tasks demanding concentration;
plasma concentration of 66 ng/mL
Morphine, 0, 20, 40 mg morphine; 0, 9/3NU  Wartegg personality ARCI, Plasmalevels: codeine 52—256 ng/mL, morphine  [222]
Codeine 60, 120 mg codeine orally PHYS, MW, DSST; 04 h 12-50 ng/mL dose related miosis; no impairment
by codeine or morphine
Morphine 0, 2.5, 5, 10 mg/70kg 10/6 U ARCI, VAS, DEL, MW, Mild but significant dose related effects [223]
cumulative dosing 1V DSST, PHYS; 0-120 min
Morphine 10 mg 1V; 20, 30 mg 6/4NU  Salivation, CRT; 0-12 h Prolonged CRT at ~7.1 ng/mL serum (after 1V); sig-[225]
orally controlled release nificant decrease in saliva production for morphine
Morphine 0,0.05,0.1,0.2,03mg/ 4/2NU  Painthreshold, reflex Dose dependant depression of nociceptive reflexes; [228]
kg IV threshold depressive effect on nociceptive transmission at
the spinal level
Morphine; bu- 0,10 mg/70kg 1V; 0, 0.5, 7/5 ARCI, VAS, DEL, MW, Morphine: no psychomotor impairment, signifi- [244]
torphanol 1, 2 mg/kg IV DSST, PHYS; 0-300 min  cant miosis, increased "feeling” drug effect; dose
related psychomotor impairment for butorphanol
Morphine (bu- 10 mg/70kg IV; 0, 0.075, 11/5NU Same as above Morphine: same as above; psychomotor impair- [240]
prenorphine) 0.15, 0.3 mg/kg IV ment for buprenorphine
Morphing; nal-  0,10mg/70kg1V; 0,25, 12/4NU Same as above Morphine: same as above; psychomotor impair-  [241]
buphine 5, 10/70 kg IV ment for nalbuphine
Morphine; pen- 0,10mg/70kgIV; 0,75, 12/4NU Same as above Morphine: same as above; psychomotor impair- [242]
tazocine 15,30 mg/70 kg 1V ment for pentazocine

a Number of subject studied: Male/female; NU: Non-user; U: User.
b AVLT: Rey Auditory Verbal Learning Test; PMC: Perceptual motor coordination tests, including pegboard tasks and trail making tests; PASAT:
Paced auditory serial addition test; SRE: Self reported effects; PHY S: Physiological testing (varied combination of heart rate, blood pressure,
skin temperature, etc.); CFF: Critical Flicker Fusion; ARCI: Subject effect questionnaire; VAS: Visual analog scale, rating of subjective effects;
DEL: Drug effect/liking subjective effect survey; MW: Maddox-Wing Test; DSST: Digit symbol substitution test; FT: Finger tapping; COG:
Cognitive functioning testing; EPR: Evoked potential response; CRT: Complex reactiontime; ARS: Adjectiverating scale; ART-90: Road safety
test from Australia.
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tablets[226]. Overdoserespondswell to supportivetreat-
ment and administration of naloxone [225,226].

B. Reported Effects on Performance

1. Summary of Reports

Table 7 includes a summary of morphine related
clinical studies and Table 4 includes prevalence and
epidemiological studiespertainingto morphineusageand
accident rates.

Clecland et a. [34] administered 0, 0.214, 0.286,
0.357, and 0.429 mg/kg oral doses of morphine to 24
males and 21 females. As well as measuring analgesic
effects, they measured memory and learning by the Rey
Auditory Verbal Learning Test (AVLT). Motor coordina-
tion was measured with a pegboard task and trail making
tests. Sustained mental attention was evaluated by the
Paced Auditory Serial Addition Test (PASAT). They
found that the highest doses of morphine resulted in
impaired word recall, but did not produce any measurable
impaired motor coordination by the tests used.

Foltin and Fischman [67] administered 0, 5, and 10
mg/70 kg doses of 1V morphine both with and without the
combination of 0, 8, 16, and 32 mg/70 kg doses of 1V
cocaine. Subjectsincluded eight black and onewhitemale
volunteer with prior histories of cocaine and heroin use.
Subjective effects were measured by several question-
naires including the ARCI questionnaire. A serial acqui-
sition task was devised with a monetary reward system.
Heart rateand blood pressurewereal so measured. Cardio-
vascular effects correlated more strongly with cocaine
dosages alone. Morphine dosage alone increased opioid
symptoms and ratings of “sedated”. Both cocaine and
morphine increased peak heart rate and blood pressure.

Hanks et a. [94] administered 0, 10, and 15 mg
morphinelV to eight male and four femal e healthy volun-
teers. Cognitive function was measured by complex reac-
tion time (CRT), number vigilance, memory scanning,
word recall and recognition, picture recognition, and
CFFT. Subjective measures of effect were also assessed.
Subjective measuresdid not indicateasignificant impair-
ment of alertness. CFF was reduced for the observation
period (6 h). The 15 mg dose of morphine produced a
significant improvement in the CRT test.

Hill and Zacny [100] examined the effectsof 0, 5, and
10 mg/70 kg morphine 1V on the ARCI and other subjec-
tive effects tests of twelve males and five female volun-
teers. Psychomotor performance was measured by the
MW test andthe DSST . Heart rate, blood pressure, arterial
oxygen saturation, and miosiswere measured. Some sub-
jective effects of morphine doses were reported but no
psychomotor impairment was noted for morphine doses.
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Kerr et al. [123] assessed effects of targeted plasma
levels of morphine achieved by infusion pump adminis-
tration to 15 male volunteers. Serum concentrationswere
maintained at 0.02, 0.04, and 0.080 mg/L for the study.
Measured end-points included finger tapping rates and
maintenance of isometric force with and without visual
stimulus. Tests of verbal comprehension and memory
were also performed. The ability to maintain low consis-
tent levels of force decreased. Delayed recall of informa-
tion during the morphine infusion was al so impaired.

O'Neill et a. [166] found after repeated oral doses of
morphine that the only significant effect was an increase
inthe accuracy of responses on aCRT. Four male and six
female volunteers were administered O or 10 mg every 4
h on four separate days at least a week apart. Subjective
effects were assessed as well as a variety of cognitive
function tests.

Zacny's group at the University of Chicago [240—
246] investigated a range of morphine dosages adminis-
tered both 1V and orally. Subjective effects were mea-
sured using the ARCI questionnaire and other question-
naires. Psychomotor performancewasmeasured usingthe
MW test, eye-hand coordination tests, auditory reaction
times, and DSST. Physiological endpoints of heart rate,
blood pressure, arterial oxygen saturationrespiration rate,
and miosis were measured. Overall, morphine dosages
had a mild or no effect on cognition or psychomotor
performance as measured.

Westerling et al. [225] administered a 10 mg mor-
phine IV infusion, a 20 mg oral solution, or an extended
releasetabl et of 30 mg to ten healthy volunteers. CRT and
salivation were measured. Significant decreasesin saiva
tion were observed and increases in CRT times were
related to plasma concentrations of morphine. The great-
est effects were observed for the greatest plasma concen-
trations obtained by the IV infusion.

V. OXYCODONE

Oxycodone, 14-hydroxy-7,8-dihydrocodeinone, is a
semisynthetic narcotic analgesic derived from thebaine.
Given subcutaneously, oxycodone is approximately
equipotent to morphine and is prescribed for the relief of
pain that requires treatment for more than a few days.
Availablefor clinical use since 1915, oxycodoneis mar-
keted in many tablet, capsule, and liquid formulations,
which contain from 2.25-5.0 mg of oxycodone. Many of
these formulations also contain aspirin, phenacetin, or
caffeine.

The medical use of oxycodone increased by 23%
during the time period of 1990 to 1996. During the same
timeperiod, thereportsof abusedecreased by 29% andthe
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estimated number of emergency department episodes
were stable [112]. In 1996 a controlled-rel ease prepara-
tionmarketed as OxyContinwasmadeavailablein 10, 20,
40, 80, and 160 mg strength. OxyContin tablets are taken
every 12 h. Thisproduct has been the focus of drug abuse
onthe East Coast asit isreported to giveahigh very close
to that of heroin. “Oxy” abusers will chew the tablets,
crush the tablets, and snort the powder, or dissolve the
oxycodoneinwater and inject theliquid for themaximum
effect. Oxycodone abuse has been a problem since the
1960s but now a steady increasein Oxy addictsin metha-
done programs has been seen. The number of emergency
department episodesinvolving oxycodone have dramati-
cally increased since the release of OxyContin in 1996.

A. Pharmacology and Pharmacokinetics

The most serious risk associated with oxycodone, as
with other opioids, is respiratory depression with side
effects typical of opioids. Immediate-release oxycodone
produces a greater number of adverse side effects than
controlled-rel ease oxycodone. Severewithdrawal includes
flu-like symptoms, vomiting, and body aches, which can
last for afew weeks.

With intravenous administration the relief of painis
immediate, within 5-8 min, and lastsfor approximately 4
h. Assuming complete absorption after intramuscular
administration, oral oxycodone has a bioavailability of
60% [178]. Thisisahigher oral bioavailability than mor-
phineand isbelieved to be due to the 3-methoxy substitu-
tion that prevents extensive first-pass glucuronidation.
Timeto Cr ranges from 1-1.5 h. Mandemacet al. [145]
demonstrated that the absorption profile of the controlled-
rel ease oxycodone tablets begins with arapid absorption
component (ty,abs= 37 min) that accountsfor 38% of the
available dose. This is followed by a slow absorption
phase(ty,abs= 6.2 h) that accountsfor theremaining 62%
of the dose. Two 10 mg tablets of oral controlled-release
oxycodone hydrochloride were found to be 102.7%
bioavailable relative to 20 mg of immediate-release
oxycodone hydrochloride oral solution. The controlled-
rel ease tabl ets allow an effective plasmaconcentration of
oxycodone to be reached quickly and for this effective
concentration to be maintained for alonger period of time
thanwithimmediate-rel ease oxycodoneallowing for dos-
ing every 12 h. Unlike immediate release formulations,
controlled-release oxycodone was also shown to be
bioequivalent under fed and fasted conditions[ 14]. Rectal
administration, with amean bioavailability of 61%[134],
results in a delayed relief of pain, 0.5-1.0 h, but aso
providesalonger duration of analgesiaranging from 8-12
h. Oxycodonecan alsobeadministeredintranasally, where
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it is rapidly and effectively absorbed from the nasal
mucosa. The mean bioavailability has been shown to be
46% but had wide variation limiting its clinical useful-
ness. Mean elimination half-liferangesfrom 2-5.5 hwith
marked interindividual variation [133,134,179,214].

Plasmaconcentrationsfollowing asingle oral dose of
4.5 mgreached apeak of 0.009-0.037 mg/L [189]. Dosing
with 20 mg controlled-release oxycodone resulted in a
mean Cp,a of 0.0186 mg/L at 2.62 hwhile dosing with 20
mg of immediate-rel ease oxycodone resulted in a mean
Crax Of 0.0416 mg/L at 1.30 h [145]. A similar Cp,a Of
0.0204 mg/L, 0.0232 mg/L, and 0.0201 mg/L after adose
of 20 mg controlled-release oxycodone were reported
respectively by Heiskanenetal.[98] Kaikoetal. [113] and
Benziger et a. [15]. Using an intramuscul ar dose of 0.14
mg/kg oxycodone hydrochloride, Poyhia et al. [180] re-
ported aCpa Of 0.034 mg/L and aCya Of 0.038 mg/L for
a0.28 mg/kg oral dose.

Nine deaths involving oxycodone were investigated
by Drummer et a. [50]. All deaths gave femora blood
concentrations, ranging from 0.6-1.4 mg/L (mean 0.90
mg/L), that were higher than that expected following
normal therapeutic use. Other drugs were detected in all
cases. The presence of oxycodone was given as a factor
contributing to death in all of the cases.

Oxycodoneismetabolizedintheliver through N- and
O-demethylation, 6-ketoreduction, and conjugation with
glucuronic acid. The O-demethylation reaction is cata-
lyzed by the enzyme cytochrome P450 2D6 (CY P2D6)
with the end product of oxymorphone, an analgesic that
has a potency approximately 10 times that of morphine.
The resulting plasma concentration of oxymorphone is
very low in comparison to that of oxycodone; therefore,
oxymorphoneisnot responsiblefor theanal gesic effect of
adoseof oxycodone[98,113]. N-Demethylationresultsin
noroxycodonethat hasonly weak affinity for the pu-opioid
receptor. If theaction of CY P2D6 isblocked, the concen-
tration of noroxycodone increases as oxymorphone de-
creases [98]. 6-K eto reduction resultsin the formation of
6-oxycodol.

Eight to 14% of the dose of oxycodoneisexcretedin
the urineasunconjugated and conjugated oxycodoneover
a 24 h period. Oxymorphone is excreted mainly as a
conjugate, noroxycodoneisfound mostly inunconjugated
form. Noroxycodone concentrations in plasma and urine
were found to be higher after oral administration when
compared to intramuscular administration [180].

The pharmacokinetics of oxycodone and noroxy-
codone showed no significant differences between young
men, young women, elderly men, and elderly women.
Differencesinthepharmacokinetic profileof oxymorphone
were observed between these four groups [114].
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B. Reported Effects on Performance

1. Summary of Clinical Studies

Saarialho-Kere et a. [196] administered 0.13 mg/kg
oxycodone by intramuscular injection to nine healthy
male and female volunteers ages 20-26. Post-drug test
times were at 1.5, 3, and 4.5 h and included several
psychomotor function tests, subjective assessments, and
the measurement of ventilatory function. The psychomo-
tor skillswere evaluated using the DSST, the CFF, MW,
tapping test, adivided attentiontest, atracking and choice
reaction timetest. Effectson performance peakedat 1.5h
with prolonged reaction time and impaired vigilance,
attention, body balance, and coordination of extraocular
muscles. Subjects assessed themselves as mentally slow
and impaired 3 h after dosing. Critical flicker discrimina-
tion was impaired and some respiratory depression was
still present at 4.5 h after administration. Mean plasma
levels of oxycodone were 0.0095 mg/L at 45 min, 0.0220
mg/L at 1.5 h, and 0.0112 mg/L at 3 h.

Poyhia et a. [178] administered 19.6 mg/70 kg
oxycodone to nine healthy young adults. The subjects
were evaluated using MW, DSST, CFF, pupil size, and
self-evaluation of sedation prior todosingandat 1, 2.5, 5,
and 8 hafter dosing. Decremental effectswerenotedonall
measures with maximal miosisat 1 h. Impairment on the
CFF test and sedation persisted for upto 5 h.

Heiskanen et al. [98] administered 20 mg controlled-
release oxycodone to ten healthy male and female volun-
teers ages 19-29. Psychomotor function was evaluated
using the MW, DSST, CFF. Pupil size was measured.
Subjective symptoms were evaluated with visual analog
scales and a specific drug effect questionnaire. Blood
samples were collected prior to drug administration and
from 0.5-24 h after dosing with the mean peak plasma
concentration of 0.0204 mg/L occurring at 2.25 h. Of al
the psychomotor function tests, pupil size and MW were
the only two correlated with the plasma drug concentra-
tion. Marked drowsiness and adverse performance on the
CFF test occurred.

A dose-related decrease in pupil size was also docu-
mented by Pickworth et al. [174] and Kaiko et al. [113].

2. Summary of Epidemiological Studies

Farrell and Cada [64] reported toxicology statistics
for 1194 urine specimens submitted by Drug Recognition
Experts collected over a two-year period from subjects
suspected of DUID. Narcoticanalgesicswereidentifiedin
100 specimens (8.4%). Oxycodone wasidentified in four
of these specimens. In one specimen morphine was also
present and in another propoxyphene was identified in
addition to the oxycodone.
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CONCLUSION

With opioids, theindicationsof impairment aremixed.
In naive users, some opioids have limited impact on fine
motor coordinationtasks. Theresultsfor cognitivetesting
indicate a decrement in recall tasks and vigilance tests.
However, some cognitive tests are actually improved.
Individualstypically reported experiencing effects of the
drug even in cases where no impact on performance was
measurable. Kerr et al. [123] provides some of the most
substantial evidence of morphine impairment that per-
tains to driving with their unique testing of the ability to
maintain low, consistent isotonic pressure.

The experience of the user with morphine has a
dramatic effect on morphine impairment. Many authors
find that personality modul ates effects of other opioidsas
well. With many opioids, pain control in the individuals
improves performance potentialy by reducing distrac-
tions. Lorenz et al. [141] aso found that patients chroni-
caly treated with morphine demonstrated little or no
impairment when measuring several evoked potential
endpoints. These aspects of opioid effects complicate the
interpretation of samples collected for impaired driving
and merits consideration.

Theeffects of methadone on driving performanceare
summarized well by Friedel and Berghaus[72]. “Heroin
addicts treated with methadone are generally not fit to
drive. A positive evaluation might be possible in excep-
tional caseswhen there are specia circumstancesjustify-
ing it. Among these are, for instance, a period of metha
done substitution of more than ayear, stable psychol ogi-
cal integration, no evidence of the consumption of addi-
tional psychotropic substances, including alcohol, evi-
dence of a subject’s readiness to feel responsible for
himself/herself and of therapy compliance, and no evi-
dence of seriousdefectsof the personality asawhole. The
opinion of the physicians treating the patients also needs
to be considered in the evaluation of each case.”

In determining impairment, serum or blood concen-
trations are the most appropriate for interpretation. These
levelshavethe most relevanceto effects of the drug at the
timeof sampling. Urine samplesarean excellentindicator
of recent exposure to the drug. Urine samples are not an
adequate indicator of impairment at the time of sampling
and back calculation of concentrations has limited merit
due to the large number of factors confounding urinary
excretion profiles. Opioid urinary values are also con-
founded by the potential for morphine and codeine to be
presentin poppy seedsinsignificant concentrations[110].
Additionally, several opioid compounds have similar
metabolites and may produce similar urinary profiles
depending on when in the overall excretion a sample is
collected. Thus, confounding the interpretation [73].
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Hair samplesareareasonableindicator of exposureto

opioids. Hair hasthelikelihood of providing information
about historical exposure and alonger detection window
for exposurethan other matrices. However, no significant
dose response relationship has been established for hair
samples. Hair cannot indicate if an individua was im-
paired or thetiming of dosage with more accuracy thanto
within weeks to months. All such factors should be con-
sidered in the interpretation of impairment.
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APPENDIX — LIST OF ABBREVIATIONS

ARCI — Subjective effect questionnaire.
ARS — Adjectiverating scale.

ART-90 — Road safety test from Australia.
AVLT — Rey Auditory Verbal Learning Test.
BAC — Blood acohol concentration.

CFF — Ciritical Flicker Fusion.

CMI — Cornell Medical Index.

COG — Caognitive functioning testing.

COT — Cross-Out Test.

CRT — Complex reaction time.

CTT — Complex tracking task.

DEL — Drug Effect/Liking subjective effect survey.
DRE — Drug recognition expert.

DS — Driving simulator.

DSST — Digit symbol substitution test.

DVA — Dynamic visua acuity.

EPR — Evoked potential response.

FT — Finger tapping.

HWT — Hidden Word Test.

MAACL — Multiple Affect Adjective Checklist.
MM — Methadone maintenance subject.

MW — Maddox-Wing test.

PASAT — Paced auditory serial addition test.

PHY S — Physiological testing, varied combinations of heart rate, blood pressure, skin temperature, etc.
PM C — Perceptual motor coordination tests, including pegboard tasks and Trail making tests.

SRE — Self reported effects.

VAS — Visual analog scale, rating of subjective effects.
VM C — Visuomotor coordination test.

VST — Visual search task.

WAI'S— Weschler Adult Intelligence Scale.
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