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Abstract
Intranasal diamorphine (IND), approved for managing breakthrough pain in the 
UK, has been identified as an acceptable alternative offering effective, expedi-
ent, and less traumatic analgesia for children. However, the current dose regimen 
in pediatric populations relies on clinical expertise while the pharmacokinetics 
properties are poorly understood. This study aimed to develop diamorphine 
population pharmacokinetics (pop-PK) models and simulate the IND dosing in 
virtual pediatric subjects. An integrated four-compartment pop-PK model with 
first-order absorption and elimination provided an appropriate fit and charac-
terized publicly available 385 concentration measurements of diamorphine, 
6-monoacetylmorphine, and morphine collected from adults. Body weight al-
lometry and renal function maturation (age) were incorporated into the final 
model, serving as two covariates. The estimated IND relative bioavailability was 
around 52% compared with intramuscularly injected diamorphine. Using this 
final model, the morphine plasma concentrations, as the active metabolite for 
pain relief, were simulated in virtual subjects. The utility of model extrapola-
tion was supported by external verification with acceptable average fold errors of 
1.06 ± 0.30 and 0.83 ± 0.07 for morphine maximum concentration and exposures. 
Meanwhile, the simulated morphine concentration–time profiles could recover 
the PK profiles observed in children after a single dose of IND. The model-based 
dosing simulations were therefore assessed in four children age groups to match 
the therapeutic window of morphine concentrations in steady state (10–20 μg/L). 
Our study demonstrates that the dose regimen of 0.3 mg/kg loading dose plus 
0.1 mg/kg hourly maintenance dose is generally appropriate for multiple pediat-
ric populations with breakthrough pain, in the view of PK.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Diamorphine hydrochloride is primarily used intranasally to manage break-
through pain in pediatric patients, offering great advantages over injected 
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INTRODUCTION

Diamorphine hydrochloride (DIAM, pharmaceuti-
cal heroin) has been medically used in many European 
countries for refractory heroin dependents who have 
not responded to the standard maintenance treatment.1 
Interestingly, as a strong opioid and the prodrug of mor-
phine, DIAM is also prescribed in the United Kingdom, 
for breakthrough pain management for patients in pal-
liative care or in the Accident and Emergency (A&E) 
settings.2–4 Breakthrough pain is described as severe 
pain that occurs with episodes of sudden onset despite 
the regular background opioid treatment given. It raises 
great challenges because of the few suitable potent, well-
tolerated, and fast-acting agents available to manage this 
pain exacerbation in life-limiting conditions.2,3 Oral mor-
phine is a usual first-line treatment for children, yet it 
often takes more than 30 min to achieve the target con-
centration and to produce analgesic effects.5 Although in-
jections (intravenous, subcutaneous, and intramuscular) 
allow faster onset, supervised needle usage inevitably de-
lays pain relief because of the poor acceptability for chil-
dren and the stress to parents and clinical practitioners. 
A needle-free, fast-acting pain medicine is needed.

Diamorphine is a semisynthetic diacetylated derivative 
of morphine, and its many advantageous properties render 
it a desirable analgesic agent via transmucosal administra-
tion (sublingual, intranasal, or buccal). It is considered a 
morphine prodrug with approximately twice the potency as 
morphine salt.6 The parenteral transmucosal delivery results 

in rapid systemic absorption across richly vascularized mu-
cosa avoiding first-pass metabolism. The lipophilicity of 
DIAM enables its quick distribution and passage through 
the blood–brain barrier once it enters systemic circulation. 
Furthermore, the rapid metabolism of DIAM to the active 
intermediate metabolite, 6-monoacetylmorphine (MAM) 
initiates the early analgesia onset (maximum effect within 
10 min), and subsequently converts to morphine (MOR), 
which exerts a potent and lasting pharmacological effect 
(maximum effect within 1 h).7,8 The esterase, abundantly 
distributed in blood and various organs including the brain 
and liver (Figure  1a), sequentially produces both metabo-
lites, which bind to the opioid μ receptors with different af-
finity and potency.9 Morphine is in turn eliminated by phase 
II metabolism, glucuronidation, and subsequent excretion 
in the urine in the form of morphine-3-glucuronide (M3G) 
and morphine-6-glucuronide (M6G).

Specifically, “snorted” intranasal diamorphine (IND) 
is recognized as an acceptable alternative, offering less 
traumatic, effective, and expedient analgesia for the 
pediatric population.10 Diamorphine hydrochloride 
nasal spray (Ayendi®) has been licensed for moderate 
and severe pain in children and adolescents at the age 
of 2–15 years. Previous research has demonstrated its 
satisfactory safety profiles, and it is as effective as in-
tramuscular diamorphine (IMD) for acute pain in the 
A&E department.11,12 However, there is still a paucity of 
research evidence and clinical guidelines for IND dosing 
in children. Conducting pediatric clinical studies pres-
ent challenges due to ethical and logistical constraints. 

administration. However, current dosing practices are largely based on clinical 
expertise due to limited understanding of its pharmacokinetics in children.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study aimed to develop a population pharmacokinetics (pop-PK) model for 
diamorphine, 6-monoacetylmorphine, and morphine, using adult data, and ex-
trapolate this model to the pediatric population to assess the feasibility of current 
intranasal diamorphine dosing regimens.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The study established an integrated four-compartment pop-PK model, standard-
izing population PK parameters by body weight and incorporating renal function 
maturation. The model-based simulations demonstrated that the 0.3 mg/kg load-
ing dose followed by the current pediatric dose regimen of 0.1 mg/kg can attain 
the effective target therapeutic window.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
The findings facilitate the “Learn and Confirm” cycle in drug development and 
provide a scientific foundation for diamorphine optimal dosing in pediatric pa-
tients, potentially influencing future therapeutic strategies for managing break-
through pain in children.
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The current dosage selection of pediatrics IND is his-
torical and empirical, which is guided by clinical acu-
men and previous observational studies, rather than the 
examination of pharmacokinetics (PK). This empirical 
method is further challenged by the age-related changes 
in PK seen in children.13

The latest British systematic review paper sought, 
screened, and summarized 19 clinical studies regarding 
diamorphine PK, of which only one study was conducted 
in children and two in neonates.14 It also set the objec-
tive to seek diamorphine PK parameters across various 
age groups, specifically in neonates and children, and 
emphasized the importance of determining an appro-
priate IND dosage for managing breakthrough pain in 
these age groups.14 The time courses of IND concentra-
tion and sequential effects by its active metabolites in 
children were poorly depicted, despite their extensive ap-
plications in acute and palliative care settings. However, 
pediatric IND dosing remains uncertain because of the 
different administration routes adopted, the incom-
plete parameter estimates like the bioavailability (F%) of 
IND, the lack of age-and-weight standardization, and 
the reliance of noncompartmental analysis (NCA). The 
traditional NCA method, originally designed to define 
individual PK profiles, ignores inter-individual variability 
and potential covariates influence. Population pharma-
cokinetics (Pop-PK) modeling and simulation have been 
applied throughout various stages of drug development.15 
The notable examples of simulation techniques include 

facilitating dose selection for pediatric patients by lever-
aging data acquired from adults,16 guiding the starting 
dose selection for first-in-human studies based on pre-
clinical and nonclinical data,17 and serving as a regulatory 
tool in the drug approval processes.18 Till now, only one 
pop-PK model has been reported for diamorphine after 
intravenous and inhalation administrations in heroin-
assisted therapy clinical trials for opioid use disorder.19 
However, the missing step of body weight standardiza-
tion precluded the potential to perform model simulation 
using allometric scaling algorithms.

Again, PK properties of IND for breakthrough pain 
relief need further evaluation, and the dosage for the 
pediatric population remains disputable due to the lim-
ited clinical guidelines. This study aimed to (i) develop a 
pop-PK model in adults following a single small dose of 
IND, (ii) extrapolate the model to the pediatric population 
with allometry (size) and maturation function (age), and 
(iii) evaluate the appropriateness of commonly used dose 
regimen (0.1 mg/kg) of IND in children.

METHODS

Dataset preparation

Four published PK datasets were prepared for this phar-
macometrics analysis, and the data characteristics and us-
ages are summarized in Table 1. The datasets for the model 

F I G U R E  1   Schematic representation 
of the compartment model. 
(a) Hydrolytic pathway of heroin in 
humans executed by various esterases; 
(b) Schematic representation of the final 
pharmacokinetic model, an integrated 
four-compartment model for diamorphine 
(DIAM), 6-monoacetylmorphine 
(MAM), and morphine (MOR). 
AChE, acetylcholinesterase; BChE, 
butyrylcholinesterase; C, drug 
concentration; CPT, compartment; 
hCE, human carboxylesterase; IM, 
intramuscular route; IN, intranasal 
route; V1–V3, the central volumes; V3p, 
the peripheral volume for morphine 
distribution; K, the intercompartmental 
transfer rate constants.
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development were collected from two clinical PK studies 
that were conducted by the National Institute on Drug 
Abuse (Baltimore).20,21 Both studies utilized the same dos-
ing regimen, study medication, analytical methods, and 
blood sampling times. In these two studies, the PK data 
of diamorphine and its metabolites were analyzed after a 
single dose of IND (6 and 12 mg) in comparison with IMD 
(6 mg) in male heroin users, using a double-blind, double-
dummy crossover design with a 1-week washout period 
between three successive administration treatments. In 
addition, Girardin et  al.22 recruited eight heroin-addict 
patients to assess IMD with three doses (<200–250 mg), 
while Kidd et al.23 enrolled 12 children aged 4 to 13 years 
to evaluate a single dose of IND (0.1 mg/kg). Both studies 
fall outside the development dataset scope and thus were 
used for external verification.

The PK data used in this study include the plasma con-
centrations for DIAM, 6-MAM, and morphine. During data 
preparation, the plasma concentration unit was converted 
from ng/mL to nM (nmol/L) for the parent–metabolite PK 
model to account for different molecular weights (369.4, 
327.4, and 285.34 g/mol, respectively), due to the sequential 
deacetylation of two ester bonds (molar ratio of 1.29).

Software

We used MonolixSuite™ version 2021R2 (Lixoft, Antony, 
France) to conduct pharmacometrics analysis, population 

PK modeling, and simulation. The pop-PK models were 
developed with Monolix modeling software to describe 
concentration–time profiles of DIAM, MAM, and MOR. 
The final pop-PK model was exported to Simulx to simu-
late clinical trials with two goals: (i) to perform external 
verifications, (ii) to evaluate current weight-based dos-
age regimens of IND across various age groups. All vir-
tual subjects were created using the Simcyp™ Simulator 
version 22 (Certara, Sheffield, UK). Graph plotting was 
performed using MonolixSutite™ and the R program-
ming language version 4.3.1 (R Foundation for Statistical 
Computing, Vienna, Austria).

Pharmacokinetics analysis

Structural model

Structural models were designed using a user-defined 
ordinary differential equation (ODE) written in Mlxtran 
language (codes provided in Supplementary Material S1). 
Due to the sparse sampling for DIAM and MAM, all PK 
data of three compounds were pooled together to develop 
an integrated pop-PK model directly using a simultane-
ous approach. To manage PK data from different cohorts, 
we first modeled IMD data as the reference group and 
thus bioavailability, F%, is regarded as 100%. In this ex-
plorative structure modeling process, combined with 
the first-order absorption model for DIAM, the standard 

T A B L E  1   Published clinical PK datasets of diamorphine used in this study.

References Cone et al.20 Skopp et al.21 Girardin et al.22 Kidd et al.23

No. of subjects 6 6 2 4 8 12

Administration IM IN IM IN IM IN

Subject category I. I. I. I. II. III.

Dosage 6 mg 6 & 12 mg 6 mg 6 & 12 mg <200–250 mg 0.1 mg/kg [1.8–5.8 mg]

Age (years) 28.5 [23–32] 35 [29–41] 32 [24–39] 8.6 [4–13]

Weight (kg) 74.75 [63.6–81.4] 69.4 [60.4–80] 67 [43–85] 30.1 [19–59]

Female % 0 0 37.5% 66.7%

Study medication Diamorphine hydrochloride

Dataset format Numeric individual concentration–time 
profiles

Graphic mean concentration–time profiles and numeric 
PK parameters

Dataset usage Model development Model evaluation (adult) Model evaluation (children)

Bioanalytical method GC–MS for plasma diamorphine, 
6-monoacetylmorphine, and morphine

LC/MS for plasma morphine RIA for plasma morphine

Research Institute Addiction Research Center, NIDA/NIH, 
Baltimore, US

University Hospital, Zürich, 
Switzerland

University of Edinburgh, 
Edinburgh, UK

Note: Subject categories include (I) regular heroin users following 3 days of abstinence; (II) opioid-dependents in heroin-assisted treatment; (III) children 
in acute severe pain treatment. The summary for demographics information was summarized as median [range]. Bioanalytical methods include 
radioimmunoassay (RIA), gas chromatography/mass spectrometry (GC/MS), and liquid chromatography–mass spectrometry (LC/MS). NIDH/NIH, National 
Institute on Drug Abuse (NIDA), and National Institutes of Health (NIH).
Abbreviations: IM, intramuscular route group, IN, intranasal route group.
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one-  and two-compartment models were tested to de-
termine the best structural model for each compound. 
Given the unidentifiability of the compartments of me-
tabolites, it is a common practice in previous studies is 
to equate all central volumes for metabolites with the 
volume of distribution for parent drugs during simulta-
neous pop-PK modeling.24,25 Since morphine is currently 
available for human use, which is “identifiable”, we also 
tested the model fit when estimating the individual cen-
tral volumes for MOR.

The final structural model explored by the IMD group 
was then applied to the complete dataset and we utilized 
the Bayesian approach to set the initial estimates (IEs) 
of fixed effects. Several models were assessed to describe 
the intranasal absorption kinetics, such as simple zero- 
and first-order kinetics, with/without lag time, as well 
as more complicated transit models. The model-guided 
bioavailability of IND compared with the reference IMD 
group was thus obtained (i.e., bioequivalence). The met-
abolic transfer, distribution, and elimination of DIAM 
were expected to be similar, once absorbed, regardless of 
the varying administration routes.

Statistical model

For random effects, all parameters were modeled with 
log-normal distributions, constraining all individual val-
ues to stay positive. As an exception, IND bioavailability 
(F%) was modeled with a logit-normal distribution to re-
strict its estimates between 0 and 1. As the population 
parameters for this pop-PK model were estimated using 
the adult population, they were scaled to fit the pediatric 
population using the allometric function (body weight, 
WT) and maturation function (age).

The inclusion of other covariate effects was judged 
through the log-likelihood ratio test. Specifically, the 
stepwise forward addition was carried out with the 
statistical criteria of log-likelihood p < 0.05 followed 
by a backward elimination process with p < 0.01. The 
details of the model-building process can be found in 
Supplementary Material  S2. Significant correlations 
between random effects were added to the model ac-
cording to the Pearson correlation tests. Finally, the 
error models were optimized to fit residual unexplained 
variability (RUV) between observations and individual 
predictions for each drug or drug metabolite. Since the 
choosing of the IEs is important and can accelerate the 
estimation convergence process,26 IEs for our model can 
be found in Table S1.

Model evaluation

Internal validation

The goodness-of-fit (GOF) for structural modeling was as-
sessed based on the drop in corrected Bayesian information 
(BIC) criteria, derived from the objective function value 
(OFV) expressed as − 2log(likelihood). Graphical evalua-
tions include GOF diagnostic plots, such as model-predicted 
population (PRED) and individual concentration (IPRED) 
versus observed concentration (OBS), as well as density 
distribution of the normalized population (NPDE) and in-
dividual weighted residuals (IWRES). Estimation precision 
is determined by relative standard errors (%RSE) calculated 
via the stochastic approximation using Fisher information 
matrix. The conditional distribution was employed to obtain 
random samples for IPRED and IWRES graphical diagnos-
tics, as well as shrinkage computation for individual param-
eters, to avoid the potential bias in the original data.

During the iterative modeling process, a set of criteria 
were applied for model selection which include the mecha-
nistic plausibility and utility, the drop in BIC for non-nested 
models, the minimum OFV determined via importance sam-
pling for nested models, the visual diagnostics plots, and the 
precision of parameter estimates as judged by %RSE.27 The 
predictive performance of the final pop-PK models was fur-
ther evaluated by visual predictive check (VPC) constructed 
by 1000 simulations derived from the original index dataset. 
To reduce the impact of areas with sparse data, the observed 
and simulated PK data were automatically grouped in mul-
tiple bins over successive time intervals based on the opti-
mized least-squares binning criteria.28,29

External validation

In Simulx, the diamorphine administration was simulated 
in 100 virtual subjects with 50 replicates per trial, totally 
5000 simulated units. Morphine plasma concentrations 
were sampled at the same timepoints as those used in cor-
responding clinical studies. The ages and body weights 
(covariates) of the virtual adults (24–39 years, 43–85 kg)22 
and virtual children (4–13 years, 19–59 kg)23 were within 
the same ranges as those of the study participants. 
Morphine exposures (AUC) were computed by integrat-
ing the concentration profiles from the start to the end of 
the observation period (Supplementary Material S1).

For PK parameters comparison, the twofold error 
range, that is, within 0.5–2-fold range, was used to eval-
uate model predictive performance.30 The fold error 

 21638306, 2025, 3, D
ow

nloaded from
 https://ascpt.onlinelibrary.w

iley.com
/doi/10.1002/psp4.13186, W

iley O
nline Library on [14/07/2025]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



440  |      CAI et al.

(predicted/observed ratio, Rpred/obs) and weighted average 
fold error (AFE) of morphine Cmax and AUC0–t were cal-
culated using Equations 1 and 2, where the weight repre-
sented the sample size of the corresponding clinical trial. 
Moreover, for the pediatric simulation, we also assessed 
the goodness of morphine observed/predicted profiles fit-
ting 1 h after 0.1 mg/kg IND administration.

Dosing regimen simulations

Four representative pediatric populations were created 
using the Simcyp™ Simulator pediatric module to match 
the FDA Pediatrics Exclusivity Study Age Groups: neo-
nates (<1 month), infants (1 month–2 years), children 
(2–12 years), and adolescents (12–16 years).31 The mor-
phine concentration–time curves over 1 h were simulated 
at the interval of 0.01 h for 4000 virtual pediatric subjects 
(1000 subjects per age group). The subjects were gener-
ated for the default Caucasian population with the female 
proportion setting as 0. Two simulated end points were 
established to assess the percentage of virtual subjects in 
each age group achieving the reported AUC0-1h window 
(End point 1, 10.13–58.36 nmol/L) and Cmax limit (End 
point 2, 13.7–82.7 nmol/L).23 Furthermore, simulations 
were used to devise an optimal pediatric intranasal dos-
ing scheme that achieved an effective exposure-matching 
properties. The reported steady-state target concentra-
tion 35–70 nmol/L (10–20 μg/L)32–35 for morphine was se-
lected, where concentrations above 20 μg/L are associated 
with respiratory depression.36,37 Details of the modeling 
and simulation results of pediatric dosing were provided 
in Supplementary Material S3.

RESULTS

Study subjects characteristics

For this PK analysis and model development, a total of 385 
measured plasma concentrations were applied. The over-
all demographic information for each treatment group (co-
hort) is summarized in Table S2. The body weight and age 
constitute two continuous covariates. The dosage amount 
and route of administration, as two categorical covariates, 
were investigated for their potential impacts on diamor-
phine absorption and disposition. Three cohorts were suc-
cessively conducted in 10 male volunteers, each having a 

history of heroin use and undergoing a 1-week washout 
period. From these cohorts, 28 samples were successfully 
collected. All 10 volunteers received a single dose of IND 
treatments twice, accounting for 71.4% of treatment ses-
sions, while only eight out of 10 volunteers received one 
IMD treatment. The 6 mg dosing of diamorphine, roughly 
0.07–0.09 mg/kg, is close to the clinical usage of diamor-
phine hydrochloride nasal spray in breakthrough pain. 
Besides, all subjects received a minimum of three consecu-
tive days of negative tests to ensure they are opioid-free.

Pop-PK model development

Structure modeling results

The final pop-PK model, an integrated four-compartment 
model, consists of a standard one-compartment model for 
DIAM (CPT1), a standard one-compartment model for 
MAM (CPT2), and a standard two-compartment model for 
MOR (CPT3 and CPT3p), as illustrated in Figure 2. The C–T 
profiles of DIAM and MAM were best described with the 
one-compartment model (CPT1 and CPT2) while the MOR 
data fitted better with the two-compartment model (CPT3 
and CPT3p). All population estimates of our final model 
are presented in Table  2. The straightforward first-order 
absorption model without lag time displayed the best per-
formance for both IND and IMD data. When we separately 
estimated the absorption rate constant (Ka) for the two 
administration routes, there were minor differences, and 
using a common Ka improved the model fit. The model es-
timated the IND relative bioavailability to be ~52% (IQR: 
50%–59.2%) and uncovered a similar first-order absorption 
behavior for IM injection and IN delivery with an approxi-
mate half-life of absorption of 13.6 min.

In our model, all metabolic transformation is unidi-
rectional following the first-order kinetics parameterized 
with a constant rate (K12 or K23). For the parametrization 
of unidentifiable central volume for metabolites, the in-
clusion of only morphine central volume (V3) as an in-
dependent parameter achieved the minimum BIC. Thus, 
this four-compartment sequential PK disposition model 
assumed the MAM central volume was equal to diamor-
phine volume (V1 = V2). Transit models for absorption and 
metabolite formation were also investigated but it did not 
improve the model fitting performance and the difference 
of BIC values is neglectable.

Statistical modeling results

Body weight was incorporated into our base model through 
the theory-based allometric scaling scheme described in 

(1)Ratio( pred
obs

) =
Predicted PK parameter (mean value)

Observed PK parameter (mean value)

(2)AFE =

∑N
i=1

�

wi × ratioi
�

∑N
i=1 wi
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Supplementary Material S2. Estimation of the allometric 
exponents as covariates worsened fitting results, as the 
precision of parameter estimation decreased. Meanwhile, 
to incorporate developmental changes with age in drug 
disposition, morphine clearance was described with an 
empiric sigmoid maturation model.36 The automatic 

stepwise covariates modeling did not identify other signif-
icant covariates. This indicated that diamorphine absorp-
tion and disposition were not dosage-dependent, which 
corroborated the mechanistic plausibility of our model 
structure with linear kinetics. It also revealed that the 
absorption is not influenced by the administration route. 

F I G U R E  2   Prediction-corrected visual predictive check (pc-VPC) plots for diamorphine (a), 6-monoacetylmorphine (b), and morphine 
concentration (c) of the final pop-PK models. The gray dots represent the observed data of concentration in nM. The solid gray lines 
represent the 5th, 50th, and 95th empirical percentiles for the observations. The shaded areas represent the 90% confidence (predictive) 
interval of the 5th, 50th (reddish color), and 95th percentiles of the simulated data.

T A B L E  2   Population pharmacokinetic parameter estimates.

PK parameters 
[units]

Fisher information matrix estimates (stochastic 
approximation) Bootstrap estimates

Estimation 
(RSE%)

BSV 
(RSE%) Median [IQR] Shrinkage (%)

Estimation 
(RSE%)

BSV 
(RSE%) 95% CI

Ka [h−1 per 70 kg] 3.04 (12.9) 0.609 (16.1) 3.70 [1.67–4.63] −1.85 3.001 (10.2) 0.609 (8.4) 2.44–3.64

F% [per 70 kg] 0.519 (13.6) 0.568 (27.2) 0.532 
[0.504–0.592]

−3.55 0.519 (16.6) 0.568 (40.8) 0.40–0.74

V1 [L/per 70 kg] 
(=V2)

8.21 (28.9) 0.478 (21.8) 9.43 [5.17–12.5] 1.33 8.21 (21.1) 0.478 (12.9) 6.32–13.11

V3 [L/per 70 kg] 32.5 (13.5) 0.279 (33.5) 34.3 [29.8–38.7] 2.84 32.47 (21.4) 0.279 (26.2) 21.41–48.59

K12 [h−1/per 70 kg] 103 (23.5) 0.400 (30.9) 102 [83.6–127] −7.19 103.31 (16.2) 0.400 (24.1) 70.92–136.37

K23 [h−1/per 70 kg] 106 (23.3) 0.295 (30.1) 100 [91.6–115] −10.6 105.678 (15.6) 0.295 (36.4) 73.81–138.28

K3p [h−1/per 70 kg] 24.2 (14.1) 0.125 (80.0) 23.9 [23.3–24.6] −0.448 24.16 (28.5) 0.125 (40.2) 16.62–43.57

Kp3 [h−1/per 70 kg] 2.69 (14.3) 0.385 (29.6) 3.07 [2.14–3.42] −9.00 2.688 (18.3) 0.385 (42.8) 1.91–3.84

CL [L/h/per 70 kg] 132 (19.0) 0.297 (36.7) 139 [123–164] −9.98 132.3 (17.7) 0.297 (28.4) 97.05–189.06

corr_V1_Ka 0.854 (23.7) 0.854 (6.0)

RUV1 0.430 (12.0) 0.430 (5.9)

RUV2 0.215 (8.34) 0.215 (7.9)

RUV3 0.236 (6.74) 0.236 (6.8)

Note: Median and interquartile range (IQR) and shrinkage values were computed from conditional distribution using Monolix, which was derived from the 
Fisher information matrix (FIM) via default Markov chain Monte Carlo (MCMC) convergence assessment. The relative standard error (RSE) was calculated 
using both stochastic approximation for FIM and bootstrap analysis with 1000 resampling times. Fixed effects of parameter estimates and random effects of 
between-subject variability (BSV) were computed using the Stochastic Approximation Expectation–Maximization (SAEM) algorithm.
Abbreviations: DIAM, diamorphine; F%, bioavailability for intranasal diamorphine; K, intercompartment rate constant; MAM, 6-monoacetylmorphine; MOR, 
morphine; RUV, residual unexplained variability with proportional error model; V1–3, central compartment volume.
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Moreover, the introduction of a correlation coefficient 
between random effects for Ka and V1 greatly improved 
the model performance (ΔBIC = 10.8). Proportional error 
models were employed to account for RUV in observed 
plasma concentrations, which effectively captured assay 
variability and errors in sample timing.

The parameterization of between-occasion variability 
(BOV) within each volunteer resulted in either unsuccess-
ful minimization or highly imprecise parameter estimates. 
Therefore, for random effects, each treatment session in 
Table S2 was assumed to represent one “modeled subject” 
to only assess between-subject variability (BSV). The pop-
ulation parameter variabilities for Ka (BSV = 0.61) and di-
amorphine volumes (BSV = 0.48) are still large despite the 
inclusion of their positive correlation (corr_V1_Ka) as well 
as the allometric scaling of WT. The estimated metabolic 
transfer rate constant (K12) of diamorphine was close to that 
of 6-monoacetylmorphine (K23), both exceeding 100 h−1.

Pop-PK model evaluation

Internal validation results

As shown in Table 2, bootstrap estimates showed that preci-
sions were generally acceptable with %RSE < 30% for fixed 
effects and %RSE < 50% for random effects, and the low 
shrinkage values suggested that the individual parameters 
(EBEs) were precisely estimated. Diagnostic GOF plots 
(Figure S1) for the PRED versus OBS indicated that there 
was no major bias in the population component. Likewise, 
IPRED versus OBS demonstrated that the final structural 
model should be useful to most individuals with <10% 
outliers. Figure 3 shows the result of prediction-corrected 
visual predictive checks (pc-VPC), while Figure  S2 com-
pares the empirical residual distribution and the theoreti-
cal Gaussian distribution. Despite its overall reasonable 
predictive performance, the final model tended to under-
predict observed DIAM concentrations in the early sam-
pling time bins (0–0.12 h) and MAM concentrations in late 
time bins (0.6–1.5 h), as illustrated in Figure 3a,b, respec-
tively. Correspondingly, a mild misspecification was found 
for predicted DIAM concentrations in PRED versus OBS 
(Figure  S1a) and predicted MAM concentrations in the 
NPDE residual distribution (Figure S2b).

These issues are likely attributed to the challenge of 
simultaneously fitting three compounds and the limited 
availability of measured data to explain the high BSV of 
PKs in the two precursor drugs (Ka, F%, V1). Additionally, 
the early phase of sampling in PK studies, essential for 
gathering comprehensive data, poses a significant chal-
lenge. This results in a problematic estimation of absorp-
tion parameters due to the insufficiency of available data. 

Nonetheless, the model was found to accurately predict 
the time course of morphine concentrations, reproducing 
both the central trend and variability observed in the orig-
inal dataset (Figure 2c). Consequently, in the next stage, 
we only evaluated morphine PKs, as they also exhibit a 
stronger correlation with analgesic efficacy.

External validation results

The robustness of model extrapolation was assessed by 
external verification of observed and predicted morphine 
PK parameters in adults after IMD dosing22 and children 
after IND dosing.23 Table  3 compared the observed and 

F I G U R E  3   External verification of morphine PK data after 
diamorphine dosing. (a) Comparison of predicted/observed Cmax 
(μmol/L) and AUC0-t (μmol.min/L). CI, confidence interval. 
AFE, average fold errors. (b) Overlay of observed and simulated 
morphine plasma concentration–time data. The solid red line 
represents the simulated median concentration. The red dots 
represent the mean observations from children of Group 4 treated 
with intranasal diamorphine, and blue error bars represent 95% CI.
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predicted PK parameters of external test datasets, which 
consisted of four study designs, after exporting the final 
model to trial simulations using virtual patients with 
matched information. The external validation results can 
be seen in forest plots in Figure 3a, where all error bars fell 
within the range of twofold difference (red dashed lines). 
The weighted AFEs of 1.06 (95% CI: 0.77–1.36) for Cmax 
and 0.83 (95% CI: 0.76–0.90) for AUC0–t are adequately ac-
ceptable. In addition, the validity of the model extrapola-
tion was further supported by the VPC results shown in 
Figure 3b. It demonstrated that the clinical pediatric mor-
phine plasma level observed in children following IND fell 
within the 60% prediction interval of the simulated mor-
phine C–T profile.

PK-guided dosing simulations

To better understand the model generalizability perfor-
mance across age and weight changes in children, the 
model was simulated in four representative pediatric pop-
ulations, as shown in Figure  S3. Table  S3 demonstrates 
that a single dose of 0.1 mg/kg of IND resulted in 88.8% of 
all virtual subjects having plasma morphine levels within 
the previously reported Cmax limit. Additionally, 82.6% 
reached levels within the reported AUC0-1h window ob-
served from 12 children following the IND dosing in acute 
clinical setting. Overall, the simulated end points were at-
tained in around 80% of subjects of every age group.

To target an effective plasma concentration of mor-
phine, we optimized the IND dosage regimen for each 
pediatric population to ensure exposure-matching prop-
erties. Figure  4 illustrates that the median C–T profiles 
for each age group at steady state fell within the reported 
steady-state target morphine concentration (35–70 nmo-
l/L), when administered a 0.3 mg/kg loading dose fol-
lowed by 0.1 mg/kg maintenance dose IND hourly.

DISCUSSION

In this study, we collected and analyzed the publicly avail-
able PK data from subjects given low-dosage diamorphine 
via two administration routes (IM and IN) across a two-
fold dose range. An integrated four-compartment pop-PK 
model was developed to describe the concentration–time 
profiles of diamorphine, 6-monoacetylmorphine, and 
morphine. The external verification by the AFEs of PK 
parameters as well as C–T profiles supported the predic-
tive utility of model extrapolation. Optimal pediatric IND 
dosing was derived using model-based simulation for four 
broadly representative pediatric populations across differ-
ent age groups.

All typical values of PK parameters of the final model 
are standardized by WT 70 kg while a model capturing 
the maturation of renal function was used to character-
ize the total clearance of the morphine. Our estimated 
morphine central volumes (32.5 L, 95% CI: 21.4–48.6 L) 
are consistent with reported population estimates (47.1 L, 
95% CI: 42–55 L) for morphine PK.35,38 The high estimated 
values of CL and its large variability (132 L/h, 95% CI: 
97–189 L/h) agreed with the observed clearances (range: 
0.066–203.6 L/h) from 257 subjects spanning different 
age groups.36,38 The model estimated the IND relative 
bioavailability to be around 52% and uncovered a similar 
first-order absorption behavior for IM injection and IN 
delivery with the same absorption half-life of ~ 13.6 min. 
This agreed with the reported 50% bioavailability derived 
from NCA results.20,21,23 A relatively high variability 
was associated with bioavailability for IND absorption 
(BSV = 0.57) but no covariates available were found to 
lower the BSV value.

Previous research has suggested that (acetyl)-
metabolites are barely recovered in the urine, and that 
morphine along with its glucuronide metabolites M3G 
and M6G, are the major detectable forms.39–41 This is the 

T A B L E  3   Summary of results of the clinical studies (observed and simulated) used to verify the final model extrapolation.

Groups Study design

Observed PK parameters (mean ± SD)
Predicted PK parameters (mean 
[trial range])

Predicted/observed 
(mean ± SD)

Cmax (μmol/L)
AUC0–t (ng·min/
mL) Cmax (ng/mL) AUC0–t (ng·min/mL) Cmax AUC

1 181 μmol, IMD 1.1 ± 1.1 120 ± 64 0.76 [0.47–1.25] 89.64 [61.94–125.13] 0.69 ± 0.11 0.75 ± 0.09

2 366 μmol, IMD 1.7 ± 1.6 224 ± 154 1.54 [0.95–2.40] 181.26 [125.23–252.96] 0.91 ± 0.15 0.81 ± 0.09

3 548 μmol, IMD 1.7 ± 0.8 305 ± 153 2.31 [1.38–3.92] 271.39 [187.45–378.96] 1.36 ± 0.23 0.89 ± 0.10

4 0.1 mg/kg, IND 0.0361 [0.014–0.083] 1.794 [0.608–0.350] 0.04 [0.02–0.07] 1.57 [1.06–2.48] 1.21 ± 0.19 0.87 ± 0.11

Weighted average fold errors 1.06 ± 0.30 0.83 ± 0.07

Note: The observed PK parameters include the mean values previously reported from six adult subjects injected with intramuscular diamorphine (IMD), 
and the median value reported from 12 pediatric subjects (aged 4–13 years) treated with intranasal diamorphine (IND). The predicted values were obtained 
from corresponding PK simulations in virtual adults or children, both having matched weight and age to those subjects in clinical trials.22,23 The fold errors 
(predicted/observed ratio, Rpred/obs) of PK parameters in each scenario were calculated accordingly.
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reason why we discarded the renal elimination of DIAM 
and MAM, believing that both compounds are fully con-
verted into morphine. Morphine is clinically available 
for human use and its central volume has been reported, 
serving as the prior information of Bayesian estima-
tion. Conversely, the intermediate metabolite, MAM, is 
not directly administered and thus any combination of 
biotransformation rate (K12 and K23) in the model struc-
ture is sufficient to fit PK data. Thus, the estimation of 
unidentifiable MAM volumes (V2) would pose a chal-
lenge to model fitting as any change in superfluous V2 
can be offset by adjusting other parameters. Moreover, 
no significant associations between dosage amount and 
the PK parameters were found, indicating that the struc-
ture design of linear kinetics should be statistically and 
mechanically reasonable. Notably, the current “dosage-
independent” finding is only feasible for the diamor-
phine usages of low dosage.

The saturation metabolism assumption was not con-
sidered due to the widespread distribution of various es-
terases that are abundant in the human body. Besides, 
the administration of a small dose of diamorphine is less 
likely to result in saturation metabolism. Therefore, our 
model described a mono-exponential decline of rapidly 
metabolized precursors (DIAM and MAM) observed in 
concentration–time curves. The estimated metabolic 

conversion half-life for deacetylation was 0.4 min. It re-
fers to the biotransformation rate by hydrolysis that oc-
curs in the circulatory system and is carried out by the 
butyrylcholinesterase (BChE) in erythrocytes and human 
carboxylesterase (hCES) in hepatocytes (Figure  1).42,43 
Rook et al.19 employed a two-compartment model to es-
timate a system biotransformation half-life (~2–4 min) in 
both central and peripheral tissues. The gaps in estimated 
biotransformation rates implied that peripheral esterase 
might represent a slow-metabolizing enzyme for diamor-
phine. Intriguingly, this is consistent with the findings of 
Salmon et al.43 and Kim et al.44 that BChE and hCES are 
the primary contributors to diamorphine deacetylation. 
Also, these enzymes are fully functional at birth, and thus 
no maturation function is required.45

Although we incorporated reported population PK 
parameters of diamorphine and morphine as prior in-
formation using the Bayesian approach, the final model 
showed some differences in estimated values compared 
with the sole published pop-PK analysis of diamor-
phine.19 Attempts to fix some parameters resulted in 
marginal improvements in model fitting and generated 
less reliable estimates. It is possible that the discrepancies 
stem from differences in model structure, quantification 
limits based on varying bioanalysis methods (GC/MS vs. 
LC–MS/MS given in Table 1), and vastly different dosage 

F I G U R E  4   Simulated pediatric 
morphine concentration–time profiles 
for four different age groups after 
administering intranasal diamorphine 
with a loading dose of 0.3 mg/kg followed 
by a 0.1 mg/kg maintenance dose every 
hour. The red lines indicate the target 
steady-state morphine concentration 
range of 35–70 nmol/L.
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amounts of the study medication used (with a dosage 
ratio of 10–50 times). It is still worthwhile to note that our 
model is tailored to the indication of pain management, 
rather than the heroin-assisted treatment prescribed for 
opioid addicts. Furthermore, the state-of-the-art SAEM 
(Stochastic Approximation Expectation–Maximization) 
algorithm applied in Monolix is superior to the tradi-
tional first-order approaches. For example, FOCE-I (first-
order conditional estimation with interaction) that Rook 
et al. adopted,19 is of concern to generate biased estimates 
of random effects.27

Several factors contributed to the uniform underpre-
diction of AUC observed in external validation. Firstly, 
the full extrapolation in PK modeling can lead to dis-
crepancies between observed profiles and predicted 
outcomes, a common issue in PK modeling of special 
patient populations where data are scarce. This is fur-
ther complicated by the fact that there was only one clin-
ically observed concentration–time dataset for children 
post-IND in the A&E department, as reflected in the ex-
ternal validation shown in Figure 3b. Additionally, dif-
ferences in bioanalytical methods (GC–MS vs. LC–MS 
vs. RIA) used by three different research institutes have 
introduced inherent biases in the fitting. Finally, the 
model, originally developed with data from male adults, 
did not account for gender differences in the pediatric 
dataset, potentially affecting the accuracy of the predic-
tions. Despite these challenges, our model demonstrated 
its ability to accurately predict Cmax, which is more crit-
ical for managing breakthrough pain effectively, given 
the rapid onset and duration of maximum pain intensity 
typical in such cases.5,46

The utilization of model-based simulation to investigate 
the dose-exposure relationship is favored by drug regula-
tory bodies. This approach has been applied to guide pedi-
atric dosing for various drugs,16 including vancomycin,47 
olanzapine48 and metoclopramide,49 etc. In the case of di-
amorphine, Morse et al.45 proposed an age-related dosage 
strategy for children derived from simulation results of the 
“patchwork” models, which lacked a comprehensive mod-
eling step. We constructed a new pop-PK model using the 
adult IND data, which allowed us to estimate the previously 
unknown intranasal absorption parameter (Ka, F%). Our 
modeling work also introduced reasonable individual pa-
rameter distributions with small shrinkage values to yield 
predictive intervals of the morphine concentration–time 
curves seen in the population. Furthermore, the virtual pe-
diatric populations we created have a range of weights and 
ages, instead of the representative with standard covariates, 
to better reproduce real-world scenarios. Our simulation 
results indicated that a single dose of 0.1 mg/kg IND, as 
recommended for pediatric patients, typically leads to ex-
posure levels that align with the morphine ranges observed 

in children.23 Furthermore, to correlate drug exposure with 
analgesic efficacy, we optimize the IND dosing regimen to 
target an effective morphine steady-state concentrations of 
10–20 μg/L. This effective morphine concentration range 
obtained from empiric studies36 has effective postoperative 
analgesia32,34,35 while minimizing the risk of respiratory de-
pression associated with higher concentrations.37 However, 
caution is still advised when considering neonates and in-
fants due to the potential variability in nasal anatomical de-
velopment and the absence of model verification for these 
two age groups. Hence, the intranasal dosage prediction for 
neonates and infants remains speculative, and further re-
search is warranted. Moreover, given that the optimal mor-
phine steady-state concentration might vary with age or the 
intensity of the pain, it is imperative to tailor dosing regi-
mens dynamically, adjusting according to the evolving pain 
experience of the pediatric patient.

This study still has some limitations. First, the exclu-
sion of females from the pharmacometrics analysis may 
limit the generalizability of our findings. Besides, the lim-
ited number of subjects and samples, along with missing 
clinically relevant covariates, for example, kidney func-
tion, genotype information of esterase, and concomitant 
drug usage, may have reduced the power and ability to 
detect covariate relationships. This could have contrib-
uted to the high BSV estimates of population parameters 
(Ka, K12, and V1) involved in diamorphine absorption 
and the anticipated errors shown in VPC results. Lastly, 
the pediatric simulation results of IND dosing are only 
compared with the morphine level. The role of the active 
intermediate metabolite, 6-mono-acetylmorphine, could 
not be assessed due to the lack of measurements in the 
external dataset. Albeit these limitations, the previously 
reported pop-PK model demonstrated that there was no 
significant impacts of covariates, including sex and co-
caine or alcohol abuse on diamorphine PK.19 Moreover, 
the external verification confirmed the usefulness to 
predict morphine PK parameters when extrapolating 
our model to a population outside the study group (from 
adults to children)23 and to treatment outside the study 
dosing (from low to high dosage).22 Particularly, the sim-
ulated morphine concentration–time profile can recover 
the clinically observed data in children given a single 
dose of 0.1 mg/kg.23 This provides additional evidence of 
the utility of our model in PK prediction for pediatric 
breakthrough pain management.

In conclusion, we developed an integrated pop-PK 
model to describe the pharmacokinetics of diamorphine, 
6-monoacetylmorphine, and morphine in adults follow-
ing a single dose of diamorphine. Specifically, the relative 
bioavailability of IND was estimated to be ~52% compared 
with intramuscular delivery following a similar absorption 
kinetics. Moreover, model external evaluation suggested 
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that the model can be extrapolated to children based on 
body weight allometry and renal function maturation. The 
final model was thus applied to simulate morphine plasma 
concentrations in various pediatric age groups. For ~80%, 
virtual subjects across four pediatric populations, a single 
intranasal dose of 0.1 mg/kg produced the Cmax and AUC0-1h 
levels are within the previously reported ranges. The model-
derived IND dosing strategy of a 0.3 mg/kg loading dose fol-
lowed by a 0.1 mg/kg maintenance dose hourly can attain 
effective steady-state morphine concentrations for multiple 
pediatric populations. We must emphasize that no clinical 
data are available to validate our model for neonates and 
infants. However, we believe that the proper extrapolation 
of a pop-PK model can guide initial clinical assessment and 
therapeutic strategy, while the model-based dosage recom-
mendation should be taken with great caution. Future PK 
studies on diamorphine could be strategically conducted 
with a smaller cohort of children and infants, utilizing an 
opportunistic sampling design. This will enhance both the 
robustness and the applicability of our findings, contribut-
ing significantly to pediatric pharmacotherapy.
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