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”not well-behaved” data for us!

Motivating examples

Romero et al., PAGE 2011
Samson et al., PAGE 2006

Yang et al., Pharm. Stat 2010

Structural model
mispecification 

Drug clearance
AUC  

misinterpreted

Parameters
unestimable 
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Sadiq et al., PAGE 2012



LOQ data in modeling approach
Selected literatures
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LOQ data in modeling approach
The “M-methods”

• Discard BQL dataOmission

• By zero
• By LOQ/2Substitution

• Maximum likelihood 
treating BQL data as 
censored

Likelihood-
based

Bergstrand et al., AAPSJ 2009
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M3 methodLikelihood-
based

Bergstrand et al., AAPSJ 2009

Less Bias!

LOQ data in modeling approach
The “M-methods”
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Cramer-Rao inequality

Designing a Trial design
Optimal Design (OD) theory and Aim
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Penalize
Add an 
extra 

additive 
error
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LOQ data in Trial design
3 common approaches
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LOQ data in Trial design
Alternative strategies

Time

C
on

ce
nt

ra
tio

n

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

8

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace



LOQ data in Trial design
Alternative strategies
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 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace



LOQ data in Trial design
Alternative strategies
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 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
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Alternative strategies
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 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace



LOQ data in Trial design
Alternative strategies
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 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace



METHOD PERFORMANCE
INFORMATION CONTENT / RUNTIME
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Evaluation
The model

Parameter Value
0.693
1
0.09
0.005

Censoring levels

Model One-compartment IV Bolus 

Method of reference M3 method 

ଵߠ
ଶߠ
߱ଶ

ଶߪ

LOQ 0 0.0625 0.0884 0.125 0.1768 0.25

Observations<LOQ 0% 22% 27% 33% 40% 48%

Fixed non-optimized design 0.25,1,2,4 hours post-dose 
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1016

1018
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0 22% 27% 33% 40% 48%

Evaluation
Design’s information content comparison

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace

D1
M3

%LLOQ censoring
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Adding an additive error is not recommended 
for expected parameter precision
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Evaluation
Design’s information content comparison

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
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D1

M3
D7

D5 D6
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No clear winner (D1 clear loser),
Laplace follows M3’s trend the best
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Evaluation
Runtime comparison

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace

Methods using FOCE and Laplace are impractical
due to long run times
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Evaluation
Runtime comparison

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 
& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
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Methods using FOCE and Laplace are impractical
due to long run times
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DESIGN OPTIMIZATION
DESIGNS/ BIAS & IMPRECISION/ 
ROBUSTNESS/ PREDICTABILITY

19



Optimization
Models and fixed non-opt. designs

Model Data Fixed Design Censoring 
Levels

Type Of 
Censoring

2-cmp IV 
Bolus

PK 0, 0.25, 1, 12, 24
hours post-dose

20, 41, 57, 73% Elimination phase 
(LLOQ)

1st order
absorption

PK 0, 0.4, 1, 4, 20
hours post-dose

18, 22, 37, 59% Absorption phase 
(LLOQ)

Sigmoid 
Emax 

PD 0, 0.4, 1, 4, 20
hours post-dose

12, 19, 24, 31% Upper linear
to saturation  
(ULOQ)

Indirect 
response

PD 0, 10, 20, 30, 200
hours post-dose

16, 25, 45, 66% Inhibition peak 
(LLOQ)
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Optimization
Models and fixed non-opt. designs

Model Data Fixed Design Censoring 
Levels

Type Of 
Censoring

2-cmp IV 
Bolus

PK 0, 0.25, 1, 12, 24
hours post-dose

20, 41, 57, 73% Elimination phase 
(LLOQ)

1st order
absorption

PK 0, 0.4, 1, 4, 20
hours post-dose

18, 22, 37, 59% Absorption phase 
(LLOQ)

Sigmoid 
Emax 

PD 0, 0.4, 1, 4, 20
hours post-dose

12, 19, 24, 31% Upper linear
to saturation  
(ULOQ)

Indirect 
response

PD 0, 10, 20, 30, 200
hours post-dose

16, 25, 45, 66% Inhibition peak 
(LLOQ)
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Optimization
Framework for optimized designs comparison
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Non
optimization

D1

D2

Ignore

D4a,b,c

D5

Additive error

Optimization
methods

D11→n

for LOQ1→n

Optimized
designs

D6

Omit

Simulation

Integration

D21→n

D4abc
1→n

D51→n

D61→n

0 5 10 15 20
0

0.05

0.1

0.15

0.2

0 5 10 15 20
0

0.05

0.1

0.15

0.2

2-
cm

p 
IV

 B
ol

us

20%

41%

57%

73%

22



Optimization
Optimized designs for the 2-comp. IV Bolus

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 

& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
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Optimization
Optimized designs for the 2-comp. IV Bolus 
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 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 

& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
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Optimization
Optimized designs for the 2-comp. IV Bolus 
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Optimization
Optimized designs for the 2-comp. IV Bolus 
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Optimization
Optimized designs for the 2-comp. IV Bolus 
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Optimization
Optimized designs for the 2-comp. IV Bolus 

2D
1

2D
2

2

D
4a

2

D
4b

2

D
4c

D
5

0 5 10 15 20 25

D
6

Sampling points (hours)

Method D2 → no point below LOQ

 D1: Ignore 

 D2: Omit PRED<LOQ

 D3: Omit IPRED<LOQ

 D4: Additive error

 D5: Simulation 

& FIM scaling

 D6: Integration 
& FIM scaling

 D7: Laplace
28



Optimization
Optimized designs for the 2-comp. IV Bolus 
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Optimization
Optimized designs for the 2-comp. IV Bolus 
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Optimization
Framework for optimized designs comparison

Fixed
base

design

Non
optimization
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Optimization
Framework for optimized designs comparison
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Optimization
Bias & imprecision for the 2-comp. IV Bolus 

FIXED effects
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* As reported by NONMEM

Optimization
Robustness for the 2-comp IV Bolus 

LOQ Minimization successful* (%)

censoring
Fixed
base

design
D1 D2 D4a D4b D4c D5 D6

0% 96.5 100 - - - - - -

20% 85 98 99.5 100 99.5 99.5 100 100

41% 93.5 82 100 100 98.5 99 100 100

57% 78.5 77 77.5 88 92 90 100 100

73% 53 36 31.5 59.5 50.5 53.5 58 74

For  <41%, all methods are robust, 
overall D6 performs the best
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Optimization
Expected prediction intervals for the 2-comp IV Bolus

38

Rich design 
with M3 method 

reestimation

D1 (ignore)
optimized design
with M3 method

reestimation

2400 sampling times 5 sampling times
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Optimization
Expected prediction intervals for the 2-comp IV Bolus

Rich design 
with M3 method 

reestimation

D2 (omit)
optimized design
with M3 method

reestimation

2400 sampling times 5 sampling times
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Optimization
Expected prediction intervals for the 2-comp IV Bolus

Rich design 
with M3 method 

reestimation

D4 (additive error of LOQ/2)
optimized design
with M3 method

reestimation

2400 sampling times 5 sampling times
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Optimization
Expected prediction intervals for the 2-comp IV Bolus

Rich design 
with M3 method 

reestimation

D5 (simulation)
optimized design
with M3 method

reestimation

2400 sampling times 5 sampling times



42

Optimization
Expected prediction intervals for the 2-comp IV Bolus

Rich design 
with M3 method 

reestimation

D6 (integration)
optimized design
with M3 method

reestimation

2400 sampling times 5 sampling times



• Precision prediction:
– All methods, except method D1 (ignore) and D4 (additive 

error) fairly well described the loss in information with increasing 
LOQ levels.

• Optimization:
– Runtime renders Laplace & FOCE impractical 
– Method D4 (additive error) is insensitive to LOQ levels and 

has limitations (only LLOQ)
– Designs obtained with all other methods performed better for 

BQL levels >20% (decreased %BQL data) than D1 (ignore)
– Method D6 (integration) performed the best
– BQL fractions/LOQ levels hence method’s performance

are model-dependent

Discussion
Summary
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1. Pre-assess expected fraction of BQL data
2. Pre-assess BQL data’s impact given your model

Discussion
Take-home message

%BQL high
Low impact

%BQL high
High impact

% BQL low
Low impact 

%BQL low
High impact 

Integration
Simulation

Integration
Simulation

Integration
Simulation

Ignore
Omit

Additive
Integration
Simulation

44



%BQL high
Low impact

%BQL high
High impact

% BQL low
Low impact 

%BQL low
High impact 

1. Pre-assess expected fraction of BQL data
2. Pre-assess BQL data’s impact given your model

Discussion
Take-home message

Integration
Simulation

Integration
Simulation

If you are not certain, 
Use Integration/Simulation method

Ignore
Omit

Additive
Integration
Simulation

Integration
Simulation
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