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Learning Points

• Dose is based on PK, PD and adverse effects
• Variability affects response to medicines
• Major sources of usual variability are maturation, size, 

drug interactions and genes
• Modelling and simulation, using Bayesian approaches, 

can be used to predict dose, demonstrate effect and 
inform future studies 



New Zealand: a land of sheep
4,000,000 people
40,000,000 sheep



The Students in NZ



Assumptions 

• Basic understanding of population modelling
– Underlying theme is variability and prior knowledge 

(Bayesian)
– Amy Cheung - PKPD

• Aware difficulties of study in children < 2 years



Pharmacometrics

Dose Concentration Effect Response Outcome
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Population Approach
Describing the Signal and the Noise

… and it is the noise (variability) that is important
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Mixed Effects Modelling

Bourne D. mathematical modeling of PK data 1995

Minimisation successful

Fixed Effects (predictable variability)
Covariates and parameters
e.g. renal function and clearance

Random Effects (unpredictable variability)
Parameter variability e.g. in clearance
Residual error e.g. measurement error, process noise, model misspecification, 
assay error, transcription



Population Modeling – a logical processor



Paediatric Studies Difficult



Clinical studies difficult and Sheiner proposed 
alternative approach 
Clin Pharm Ther 1991



An approach around these 
difficulties

What do anaesthesiologists do?



Clinical Pharmacology

t
V

CL
eV

DoseC
×-

×=

Pharmacokinetics Pharmacodynamics

CL V Emax EC50

Dose
Concentration

Effect

Holford 2009

NN

N

CEC
CEEffect

+
×

=
50

max



Example: What dose propofol in infants

• PKPD parameters incorporated into pump



ANAESTHESIA IS NOT…

the half-asleep watching the half-wake being 
half-murdered by the half-witted Malcolm Fisher



Emax Model Upside Down
Bispectral Index
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Target Concentration (PD)

Estim
ate

95%CI Sh % CV (%)

BIS0 94 86.8, 94.6 48.1 5

EMAX 0.81 0.70, 0.93 47.8 14.8

C50,PROP (mg/L) 2.99 2.45, 3.66 47.1 35.4

T1/2keo,PROP
(min)

2.38 4.21, 14.6 45.9 67.6

Hill 1.55 1.31, 2.37 44.6 44.5

Additive residual 
Error (BIS units)

5.9 5.1, 6.8 - ηRUV 
0.363

Target Effect BIS=50
Target concentration 3 mg/L Fuentes Pediatric Anesth 2018
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Propofol Clearance Variability (PK)
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Morse J. Pediatric Anesth 2019

Estimate 95%CI Sh % PPV (%)

V1 (L/70 kg) 18.5 5.2, 23.8 8.5 41.1
V2 (L/70kg) 41.1 29.2, 58.1 9.7 23.3
V3 (L/70 kg) 230 178, 390 14.5 50.3
CL (L/min/70 kg) 1.93 1.74, 2.19 2.9 40.7
Q2 (L/min/70kg) 3.82 3.24, 7.64 11.1 47.4
Q3 (L/min/70 kg) 0.837 1.09, 1.65 6.2 69.6
TM50 42.6 - -
Hill 5.88 -
Additive residual 
Error (µg.mL-1)

0.012 0.0002, 
0.0184

ηRUV 0.56

Proportional 
Residual Error (%)

16.9 12.5, 28.3



Propofol Dosing Regimen

Age Induction dose 
(mg/kg)

0-15 min 15-30 min 30-60 min 60 – 120 min

Target plasma concentration 3 µg.mL-1

27-44 PMA weeks 2 9 7 6 5

44-52 PMA weeks 2.5 11 10 9 8

3-12 months 2.5 12 11 10 9

1-3 years 2.5 13 12 11 10

Morse J. Pediatr Anesth 2019



Simulation of 1000 
individuals reveals 
unexplained variability

Half of the predictions were in 
the range 80-125% of the target 
concentration between 5 and 
90 minutes of infusion duration

Anderson BJ. Pediatr Anesth 2019



Target Concentration Strategy

Eccleston C The Lancet Child and Adolescent Health Commission 2021



Application of principles to Opioids: Example,
Diamorphine (Heroin) age < 2 years

• Use restricted to a few countries
• Paediatric dose acute and palliative care unknown
• Renewed interest in the drug, clinical trials advocated
• Metabolism complex, never described in children (PK)

– Maturation
– Size
– Physiological functions (renal system clears some metabolites)

• Effect attributed to metabolite, morphine (PD)
– Other metabolites also have effect
– No concentration-response relationship for morphine
– Drug interactions
– Pharmacogenomics



Diamorphine Metabolism



Diamorphine Pharmacokinetics

• Adult rate constants known
• Pediatric morphine PK described
• Formulation bioavailability assumed
• PK maturation models known (premature neonate to 

adult)
– Premature neonatal data (Barrett 1991-6, ventilation)

• Renal function maturation known
• Size factors assumed (allometry)
• PBPK modelling supportive



Diamorphine Metabolism



Diamorphine Pharmacodynamics

• Link parameters known (T1/2keo)
• No Concentration-response

– unlike NSAIDs, tramadol, acetaminophen

• Maturation receptors poorly defined
• Metabolite interactions (6-MAM, M6G)

BUT 
Target concentration defined 

morphine 10 mcg/L
respiratory concentration-response same neonates-adults

Anderson BJ. Pediatr Anesth 2019

Hannam JA,Pediatr Anesth 2018



Target Concentration Strategy

Eccleston C The Lancet Child and Adolescent Health Commission 2021



Population Modelling

Quantify the exposure-response relationship

Provide clarity and insight

Enable extrapolation beyond the observed data

Provide scientific rationale to dose selection

A knowledge management tool to capture and integrate pooled data from studies

Drive decision making during drug development

Hypothesis generating – the learning phase of drug development

Give a mechanistic understanding of the drug effect - theory enrichment

Morse J. Curr Opin Anaesthesiology 2019





Drug 
Interactions: 
surface 
responses

Minto CF. Anesthesiology 2000; 92:1603-16



Opioid Drug Interactions 

• Opioid drug interactions well 
described with anaesthesia 
agents 
– e.g., propofol-remifentanil

• Simple analgesic interactions in 
older children described
– e.g., Hannam JA, Anderson BJ, Potts A. 

Acetaminophen, ibuprofen and tramadol analgesic 
interactions after adenotonsillectomy. Pediatr Anesth
2018; 28: 841-851





Impact of CYP2D6 on Tramadol Clearance

Holford SD et al. Parent-metabolite pharmacokinetic models for tramadol – tests of assumptions and
predictions. J Pharm Clin Tox 2014;2(1):1023-34



Contributors to analgesic variability



Clin Pharm Ther 1991




