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Abstract

Background: Intranasal diamorphine is a potential treatment for breakthrough pain but few paediatric
data are available to assist dose estimation.

Aim: To determine an intranasal diamorphine dose in children through an understanding of
pharmacokinetics.

Design: A systematic review of the literature was undertaken to seek diamorphine pharmacokinetic
parameters in neonates, children and adults. Parenteral and enteral diamorphine bioavailability were
reviewed with respect to formation of the major metabolite, morphine. Clinical data quantifying
equianalgesic effects of diamorphine and morphine were reviewed.

Review sources: PubMed (1960-2020); EMBASE (1980-2020); IPA (1973-2020) Original human
research studies that reported diacetylmorphine and metabolite after any dose or route of administration.
Results: The systematic review identified 19 studies: 16 in adults and 1 in children and 2 neonatal reports.
Details of study participants were extracted. Age ranged from premature neonates to 67 years and weight
1.4 — 88 kg. Intranasal diamorphine bioavailability was 50%. The equianalgesic intravenous conversion
ratio of morphine:diamorphine was 2:1. There was heterogeneity between pharmacokinetic parameter
estimates attributed to routes of administration, lack of size standardisation, methodology and
pharmacokinetic analysis. Estimates of the pharmacokinetic parameters clearance and volume of
distribution were reduced in neonates. There were insufficient paediatric data to characterise clearance or
volume maturation of either diamorphine or its metabolites.

Conclusions: We estimate equianalgesic ratios of intravenous morphine:diamorphine 2:1, intravenous
morphine:intranasal diamorphine 1:1 and oral morphine:intranasal diamorphine of 1:3. These ratios are
based on adult literature, but are reasonable for deciding on an initial dose of 0.1 mg.kg™" in children 4-13

years.



Key statements

What is already known?

*« Transmucosal diamorphine is an effective, rapid, treatment for pain

*+ The conversion ratio between intranasal diamorphine and oral morphine in children is disputed

What are the new findings?

+» Diamorphine has a potency twice that of morphine. The equianalgesic ratio when given intravenously is
morphine:diamorphine 2:1

s Morphine exposure after intranasal diamorphine is half that after intravenous administration and
diamorphine intranasal dose should be converted to one third of the oral morphine dose when switching
opioids

What are their significance?

A) Clinical: The proposed conversion range (1:3) provides a reasonable starting point for the use of
intranasal diamorphine when replacing oral morphine. We suggest an initial dose of intranasal
diamorphine 0.1 mg.kg™! in children 4-13 years, prior to a process of titration against the child’s
changing experience of pain and analgesia

B) Research: Developmental pharmacokinetics and pharmacodynamics of diamorphine and its
metabolites are poorly characterised in children. Intranasal absorption parameters require
quantification.

Keywords

Diamorphine, Morphine, Intranasal, Transmucosal, Paediatrics, Palliative, Pharmacokinetics, Opioids,

Pain, Breakthrough



Introduction

Breakthrough pain in children with life-limiting conditions occurs despite regular background opioid use
and is often severe enough to warrant additional opioids.' ‘Breakthrough’ describes pain exacerbation
experienced by an individual who is otherwise pain-free, either because the pain source is intermittent or,
more often, because the pain is poorly managed using regular ‘background’ opioids. Although it remains
difficult to quantify breakthrough pain >3, management of this pain is possible with analgesia that should
be accessible and well tolerated by the individual, rapid in onset and effective. Oral morphine is
commonly the first-line management of breakthrough pain ! but the time until analgesic effect is often
more than 30 minutes. Injected (intravenous, subcutaneous and intramuscular) opioids offer more rapid
onset, but faced with the possibility of a needle, children and their families often delay asking for pain
relief. Palliative care in children demands needle-free, fast acting formulations of analgesia that do not

require supervised administration by a practitioner at the bedside (e.g., sanctioning home-based care).

Diamorphine (heroin, diacetylmorphine) is a semi-synthetic diacetylated derivative of morphine.
Transmucosal diamorphine may be an alternative to oral morphine because it can be administered by
transmucosal (sublingual, intranasal or buccal) routes, where the rich blood supply facilitates rapid
systemic absorption of this lipophilic drug with a low molecular weight (369.4 g.mol™"). Transmucosal
routes provide direct absorption into the systemic circulation, avoiding first pass metabolism. Metabolism
of diamorphine to morphine affords analgesia beyond that supplied by the initial metabolite, 6-mono-
acetylmorphine, concentrations.* > The metabolite 6-mono-acetylmorphine is rapidly formed by plasma

6

and erythrocyte esterases ° resulting in rapid onset of analgesia (maximum effect within 5 minutes).

Subsequent metabolism to morphine exerts a maximum analgesic effect within 1 hour.* ¢

Diamorphine intranasal dosing remains uncertain. The dose of opioid for a child depends on a number of
factors that include administration route, body weight, pharmacokinetic changes with age, metabolites,

pharmacogenomics, psychosocial issues, receptor type occupancy (e.g., opioid, dopamine, 5-



hydroxytryptamine), pain intensity and tolerance to its effects (adverse and beneficial). The dose needed
to treat breakthrough pain also depends on the concurrent dose of background opioid. Current clinical
guidelines offer limited dose assistance. The Association of Paediatric Palliative Medicine Master
Formulary ? suggests 10-16% of the total daily opioid, prescribed every 1-4 hours as needed. These
recommendations have little basis in evidence because few data are available from clinical studies.
Conducting randomized controlled trials in this group of children is challenging.!® ! Pharmacokinetic
studies, coupled with pharmacodynamics data from observational studies or published literature data, have

been used to develop robust models to guide dosing regimens in different patient groups.'?

This study aimed to review literature concerning diamorphine pharmacokinetics in neonates, children and
adults to assess diamorphine practicalities when prescribed by the intranasal route for children with life-
limiting conditions. Diamorphine is a prodrug of morphine and the two key pieces of pharmacokinetic
knowledge sought were intranasal diamorphine bioavailability and the equianalgesic intravenous
conversion ratio of morphine to diamorphine. Quantification of these two indices was based on morphine
exposure, a term that relates to the area under the graphical time-morphine concentration curve (AUC).
Morphine exposure is a parameter that correlates with analgesic effect, allowing use of clinically

determined equianalgesic ratios to assist prediction of conversion factors for morphine to diamorphine.

This current investigation is part of a similar process; the Dlamorphine Paediatric Palliative Evaluation of

feasibility of Randomised controlled trial (DIPPER) investigations.'® 1113

Methods

A systematic review of published literature including pharmacokinetic studies of diamorphine and its
metabolites administered by parenteral and enteral routes was conducted according to PRISMA

guidance.'* Analgesic equivalence was assessed for diamorphine in relation to morphine.



Conduct of literature review on pharmacokinetics

Pharmacokinetic studies of diamorphine in patients or healthy volunteers were sought. The following
electronic databases were included: PubMed (1960-2020), EMBASE (1980-2020), IPA (1973-2020).
Databases were searched using the following terms: heroin OR diamorphine OR diacetylmorphine AND
(pharmacokinetics OR pharmacokinetic) OR pharmacometric OR pharmacometrics OR PK OR Cmax OR
Tmax OR maximum concentration OR serum concentration OR plasma concentration. All searches were
conducted up to 23 June 2020.

Eligibility criteria - Inclusion

(1)  Original human research studies that reported diacetylmorphine and metabolite pharmacokinetics
after administration of diacetylmorphine in any dosage, in single or multiple doses, regardless of
route of administration;

(2)  Pharmacokinetic data including the maximum concentration of diacetylmorphine in plasma (Cmax)
and/or the time to maximum concentration (Tmax), clearance (CL), volume of distribution (V), area
under the concentration time curve (AUC), half-life (t12) or any data that allowed parameter
determination;

(3) Studies in children, adolescents and adults without age limits; including patients or healthy
volunteers.

Exclusion criteria:

(1)  Animal studies;

(2) Review articles;

(3) Abstracts without full text, conference abstracts, unpublished manuscripts, guidelines, manuals and
commentaries;

(4)  Articles containing pharmacokinetic data not expressed numerically (e.g., graphical displays).

Titles and abstracts of articles were screened by two reviewers (SL and WQ), and full texts of relevant

articles were retrieved for further review to identify relevant studies against the inclusion criteria. For

quality control purposes extractions were checked by two independent members of the group.



Data extraction

Collected information included routes of administration, number of participants, clinical categories and
pharmacokinetic (PK) parameters. Pharmacokinetic parameters were presented in the form: mean,
standard deviation (SD); mean, standard error (SE) or range.

The following data were extracted from each paper: authors; published year and country; sample size; age,
either individual or population values; weight, either individual or population values; dose or dose range;
PK parameters, Area under the concentration time curve (AUC), maximum concentration (Cmax), time to
reach maximum concentration (Tmax), clearance (CL), volume of distribution (V), elimination half-life
(ti2).

Data analysis

Extracted information concerning pharmacokinetic parameters was analysed using R (version 3.6.1; R
Foundation for Statistical Computing, Vienna, Austria). All parameters reported for diamorphine or its
metabolites were compared within routes of administration and across the available age and weight range.
Analyses were conducted using the extracted parameter mean and standard deviation (SD). Graphical
evaluation of mean and standard deviation for all parameters was conducted against the median reported
body weight. If no weight was reported in adult studies, a typical weight of 70 kg was assumed.

Opioid conversion

The literature search was extended to include studies which explore equianalgesic doses and

bioavailability for oral and intravenous (IV) morphine and transmucosal and IV diamorphine.

Results

There were 4249 publications screened for reporting pharmacokinetic parameters. Full-text articles (n=22)
were assessed for eligibility after completion of the PRISMA literature review. Three articles were

excluded due to noninformative PK data or data formatting that was unsuitable for extraction, leading to a



total of 19 studies included in the review, of which 16 were in adults, 1 in children and two in neonates.
Figure 1 shows the PRISMA diagram for the performed search. A summary of retrieved parameters is
shown in Supplementary Table S1 (adults) and Table 1 (children and neonates).

The median (range) age and weight were 32 years (2 days postnatal — 67 years) and 57.7 kg (1.4 — 88.0
kg), respectively. Publications reported one or multiple routes of diamorphine administration. Eleven
studies reported parameters for intravenous diamorphine, eight reported on transmucosal, five reported
oral formulations, five intramuscular or subcutaneous and two concerned intrathecal administration.
Diamorphine concentrations were measured in twelve publications. Morphine was the most studied
metabolite (n=17), followed by 6-monoacetylmorphine (6-MAM, n=11), morphine 6-glucuronide (M6G,
n=10), and morphine 3-glucuronide (M3G, n=9). Pharmacokinetic parameters reported for the measured
diacetylmorphine and metabolites were AUC (n=12), clearance (n=11), Cmax (n=17), half-life (n=15),
Tmax (n=16) and volume of distribution (n=10). Parameter estimates across the observed weight range are
shown in Figure 2.

It was not possible to pool parameter estimates to determine key parameters that might influence
bioequivalence (Fpiamoren or Conversion piamoreH o Morpring) Within this metabolic flow (Figure 3).
While several individual studies quantified diamorphine and metabolite concentration flow in adults * '°,
most only quantified morphine exposure using AUC of variable duration and there was only the one study
in children and that used a non-compartmental analysis.

There were limited reports of parenteral diamorphine relative bioavailability. The relative bioavailability
of inhaled heroin was 53% (95% CI 43.7, 62.3) in opioid-dependent adults.'® Intranasal diamorphine
bioavailability was reported as half that when given by the intramuscular route in adults.'®!” The oral
bioavailability of diacetylmorphine is dose-dependent and approximately 50% in adults. Opioid naive
users had a bioavailability of only up to 23%.'® Diacetylmorphine nasal administration in children ( aged
4-13 years) achieved an AUC of morphine that was half that in those given intravenous

diacetylmorphine.'’



Figure 2 demonstrates transmucosal administration was associated with a smaller AUC, consistent with
lower relative bioavailability (Fpiam <1). Clearance of diacetylmorphine is large, consistent with plasma
esterase activity.?’ Both morphine clearance and volume increase with age in childhood and although there
are too few data to describe this maturation, this trend is consistent with those reported for morphine in
children.?! Morphine half-life, a parameter confounded by clearance and volume, changed little with age
or weight. Morphine metabolite clearance, dictated by renal function, could not be assessed graphically
because that covariate was rarely reported.

Table 2 lists literature sources for the conversion between IV and oral morphine. These range between 20
and 50%.>*** Equianalgesic doses compare the analgesic effect of an opioid substance, with regards to a
comparable analgesia reached by morphine dosing (Table 3).>2*2¢2 Analgesia offered by intravenous

diamorphine was estimated 200% that of the same dose of intravenous morphine. #* 26:27-2

Information available from the literature review and from equianalgesic equivalence tables was used to
create an illustration of metabolic pathways (Figure 3). There was insufficient information available in
children to estimate values for parameters that could quantify metabolic pathways. Table 4 illustrates
conversion factors for morphine to diamorphine by intravenous and parenteral routes, based on

bioavailability and equianalgesia estimates.

Discussion

Intranasal diamorphine is an attractive option for breakthrough pain in children because the drug is rapidly
absorbed into the systemic circulation without first pass metabolism. The pharmacokinetics of mucosal
diamorphine in children are unknown. Physicians commonly use reported conversion factors to calculate a
dose equianalgesic to morphine. Intravenous conversion factors (Table 3) allow dose calculation for
‘opioid rotation’ or ‘switch’ between different opioids.’® 3! Equianalgesic dose estimation is difficult when
bioavailability of a drug given by a mucosal route is unknown. We describe a relative bioavailability of
approximately 50% with a conversion ratio of diamorphine to morphine of 200% consistent with this

current literature review and equianalgesic ratios. Based on this information (e.g., intravenous



morphine:intranasal diamorphine 1:1, Table 4), we estimate intranasal diamorphine 0.1 mg.kg™! in a child
4-13 years, prior to a process of titration against the child’s changing experience of pain and analgesia.
This dose is similar to that used for acute pain in the Emergency Room (0.1 mg.kg™") for bone fracture
reduction in children.”®

Although we predict that diamorphine intranasal bioavailability (Fpiaz) is approximately 50% in children,
that estimate is based on children 4-13 years ' and may change with age because the anatomy of the nose
changes with age causing possible consequent absorption characteristic changes. Age is also a covariate
for pharmacokinetic parameter estimates; they are immature in neonates.** However, opioid clearance

maturation is usually complete within the first few years of life 2! 33

and other opioids such as fentanyl
have been successfully used intranasally for acute pain in children out of infancy. Concerns that
developmental changes related to both central nervous system receptors and opioid passage across the
blood-brain-barrier ** appear confined to infants.*

The conversion ratio of 200% for diacetylmorphine to morphine is based on clinical equianalgesia rather
than pharmacokinetic examination (e.g., AUC) of this conversion.*® Use of clinical equianalgesia to define
bioavailability is associated with inaccuracy. Morphine, for example has a relative bioavailability in adults
of 23.9% after oral solution and 18.7% after a buccal tablet’’; a relative bioavailability of 30% is reported
for elixir in children.*® Equianalgesia ranges from 1:2.5 to as high as 1:6 in adults.?>** This is because
empiric studies have shown that a concentration range (10-20 mcg.L™") has analgesic effect ** and
equianalgesia can be achieved over a range of concentrations that are attained by a range of doses. The
effectiveness of breakthrough equianalgesic doses can be further complicated by the development of
tolerance, 2% 3140

Although PK parameters of diamorphine metabolites, morphine and its glucuronides, have been measured
both in children and in single adult studies, those studies involved IV administration of diamorphine in
children, while in adults, diamorphine was given orally. Our analysis provides some evidence that

extrapolation from adult parameter estimates to children might have some validity. The majority of

diamorphine is rapidly converted to 6-mono-acetylmorphine and then more slowly to morphine (Figure



3), making it a pro-drug for morphine. The rapid clearance from diacetylmorphine to the active
metabolite, 6-mono-acetylmorphine, provides quick onset analgesia that is followed by that provided by
morphine.* ° The equilibration half-time (T12keos-mam) between plasma and effect compartment is
unknown but assumed very short duration. Morphine effect is delayed not only by formation clearance
from 6-mono-acetylmorphine but also because the equilibration half-time (T1.keomorpring) is a slower 16
min (Figure 3).*"** Analgesic effect from morphine 6-glucuronide is further delayed (Ti,keomsc=6-8 h).*
The high diamorphine clearance is consistent with that described for other drugs cleared by plasma
esterases (e.g., remifentanil °). Inhaled diamorphine has a relative bioavailability of 52%,'3 similar to that
predicted for nasal administration. Morphine clearance in children was similar to the mature value
described by others for adults and children.?"-4* 4 Similarly clearance of metabolites correlated with

glomerular filtration rate, a measure of renal function *° that matures over the first year of life *.

Most publications (16 of 19) concerned adults and used non-compartment analyses. Only 1 study
concerned children.' Adult studies could not inform the question of pharmacokinetics in children because
diamorphine administration routes differed, pharmacokinetic parameter estimates were incomplete, weight
and age standardisation was lacking and the use of non-compartment analyses often ignores parameter
variability and the influence of covariates on that variability.*® Several adult studies did complete
compartmental analyses using population pharmacokinetic methodology.® * where it might have been
possible to estimate paediatric parameters from adult using allometric theory and maturation models ',
Data review (e.g., Figure 2) suggested maturation of clearance estimates from neonates **3? to adults, but
the lack of paediatric studies made validation difficult.

Pharmacokinetic and pharmacodynamic modelling to explore maturational changes and tolerance could
help clarify paediatric pharmacokinetic and concentration-response relationships for diacetylmorphine.
This current literature review has shown that a pharmacokinetic model similar to Figure 3 is possible in

adults.* While it is currently not possible to populate a paediatric model with parameter estimates, limited

paediatric pharmacokinetic studies could be performed to quantify those estimates. A subsequent clinical



validation study could confirm model validity >, allowing simulation to predict dose determined by
administration route, age and weight.>*
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Table Legends

Table 1. Parameter estimates and characteristics of studies from neonates and children

Table 2. Conversion factors reported for oral to intravenous morphine in adults

Table 3. Equianalgesic doses — Conversion of reference is intravenous morphine to intravenous

diamorphine in adults

Table 4. Conversion factors for morphine to diamorphine by intravenous and parenteral routes in children.
Conversion calculations assumed a diacetylmorphine nasal bioavailability 50%, oral morphine

bioavailability 30%, and an equianalgesic conversion factor of 200%

Supplementary Table S1. Parameter estimates and characteristics of studies from adults given

diamorphine



Table 1. Parameter estimates and characteristics from studies on neonates and children

Study PK

calculation (n)

Neonates
Barrett PCNONLIN 26
1991
Barrett MINIM 19
1996

2.0.2

Children

Participants

Gestational

age

(weeks)

30.7£3.5

29.7+£3.7

Weight Route

(kg)

1.56 £0.61 IV
infusion

1.4 +£0.6 v
infusion

DAM

dose

(g/kg)

Loading:

22-50,

infusion:

8.8-30/h

Loading:

50-200,

infusion:

15/h

Chemi-cal

MOR

MOR

M3G

M6G

vd (L/kg) CL tin (h)
(mL/min/kg)

2.7+£1.0 3.6+0.9 89433
4.6+3.2

0.55+1.13 2.5+1.8 11.1+11.3

1.03+0.88 0.46 £0.32 18.2+13.6

CSS

(ng/ml)

62.5

+22.8

86 +52

703 +400

48 £28



Study PK

calculation

Kidd Excel,
2009 linear
trapezoid

rule

Abbreviations:

Participants

(n)

12

Clinical

category

Age

(year)

8.6

(range:

4-13)

(range:

4-12)

Weight

(kg)

30.1
(range:

19-59)

33
(range:

16-43)

Route

Intranasal

v

DAM

dose

(mg)

1.8-5.8

1.6-4.2

Chemi-

cal

MOR

MOR

Vd

L)

CL

(L/min)

tin (min)

Crnax (ng/ml)

13.8+£9.8

79.4 £57.6

Tmax

(min)

325

+27.5

3.5+1.5

AUC: area under the curve, CL: clearance, C: steady-state concentration, ti: half-life, Tmax: time-point Cmax, Vd: distribution volume, I'V: intravenous



Table 2. Conversion factors reported for oral to intravenous morphine in adults

1:2-1:3

Conversion Factor intravenous to oral morphine Reference
1:2 ?
1:2-1:3 22
1:3 23
1:3 24
25




Table 3. Equianalgesic doses — Conversion of reference is intravenous morphine to intravenous

diamorphine in adults

IV Morphine IV diamorphine Reference
1.5 1 23
2 1 9
24 1 26
2 1 27
2.5 1 28
2 1 29




Table 4. Conversion factors for morphine to diamorphine by intravenous and parenteral routes in children.
Conversion calculations assumed a diacetylmorphine nasal bioavailability 50%, oral morphine

bioavailability 30%, and an equianalgesic conversion factor of 200%

Conversion Factor

IV Morphine to 12

IV diamorphine IV Morphine Dose
2 Equianalgesic Factor

IV Morphine to 1

nasal diamorphine IV Morphine Dose . 1
2 Equianalgesic Factor 0.5 Bioavailability Diamorphine

Oral Morphine to 1/3

nasal diamorphine Oral Morphine Dose
3 Bioavailability Morphine , 1
2 Equianalgeic Factor 0.5 Bioavailability Diamorphine
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Figures

Figure 1: Flow diagram of systematic search based on PRISMA guidelines

Figure 2: Distribution of pharmacokinetic parameters extracted in the literature search when standardised

to mean total bodyweight. AUC has been corrected to a diamorphine 5 mg dose.

Figure 3: This schematic diagram shows the metabolic flow of diamorphine, 6-mono-acetylmorphine (6-
MAM) and morphine. Diamorphine absorption is described in terms of absorption half-times (Tags) and
relative bioavailability (Fpiamorer) by oral or intranasal (IN) routes. Half-times (Ti2k) also describe
exponential flow between metabolites. The delay between active metabolites (6-MAM, morphine) and the
effect compartment is described using equilibration half-times (T12keo). Morphine 3-glucuronide (M3G)
and morphine 6-glucuronide (M6G) clearance align with renal function. The conversion of diamorphine to

morphine (COHVeI‘SiOH DIAMORPH to MORPHINE) iS assumed 2.



