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Introduction
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Factors included: Freezing Volume and freezing rate 
Model: Response Surface Model (main and quadratic effects and 
second order interactions)
The experiment was performed with 3 different batches

Design of experiments

Split plot design with 5 whole plots with 20 experimental runs 
per whole plot
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Results aggregation free (%)
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- Higher volume        lower % aggregation

- Higher freezing rate       lower % aggregation

- Heterogeneous variance 



Results aggregation

5

Freezing rate

% aggregation 

free

Freezing 

volume

• The proposed design studies the direct influence of freezing volume and 

freezing rate on %aggregation free.



Results aggregation

A Student-t prior with 3 degrees of freedom was used for the intercept and a half-student-t 
prior with 3 degrees of freedom was used for the standard deviation.

Whole plot random effect was excluded because the between whole plots variation was 
very small compared to the within plot variation.

𝑙𝑜𝑔𝑖𝑡 𝑦𝑖 ~𝑁𝑜𝑟𝑚𝑎𝑙 𝜇𝑖 , 𝜎
𝜇𝑖 = 𝛼1 + 𝛽𝐹𝑅 + 𝜑𝐹𝑅2 + 𝛾𝑉
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Definition: It is the phenomenon where a substance remains in a liquid 
state at a temperature below its normal freezing point. 

Measurements: surface area undercooled.

Supercooling
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Measurements performed during the experiments identify a new 
covariate that could be measured, but not directly manipulated. 
This covariate is called supercooling 



Supercooling
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- Lower volume            Larger area undercooled

- Slower freezing rate         Larger area undercooled



Results aggregation free (%)
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• Rather than a direct relationship between the experimental factors and 

%aggregation, volume and Freezing rage produce supercooling, which 

produces %aggregation. 



It is interesting to study the relationship between the covariate and 
the factors, and between the covariate and the outcome of the 
experiment because the covariate was a key to understand the kinetic 
aspects of the freezing of the product

Statistical Mediation
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• Mediation is a three variables system in which an 

independent variable causes a mediating variable, which, in 

turn, causes a dependent variable (Baron & Kenny, 1986; 

MacKinnon, 2008). 

• The aim of mediation analysis is to determine whether the 

relation between the independent variable and the dependent 

variable is due, wholly or in part, to the mediating variable.

𝑌 = 𝛼1 + 𝛽𝐹𝑅 + 𝛾𝑉 + 𝑒1

𝑀 = 𝛼2 + 𝜌𝐹𝑅 + 𝜑𝑉 + 𝑒2

Y= 𝛼3 + 𝛿𝑀 + 𝛽′𝐹𝑅 + 𝛾′𝑉 + 𝑒3



Mediation analysis using Bayesian 
Regression model
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• WHY?

– Probabilistic interpretation of the parameters and the conditional 
relationships between the variables.

– Predictive distributions of aggregation outside the study range. 
– Possibility of updating the model with new information collected for 

larger volumes. …



Results
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library(brms)

f1 <- bf(log_sup ~ St_FR + St_FR_2 + St_V)

f2 <- bf(logit_ag ~ St_FR + St_FR_2 + St_V + log_sup) 

m12 <- brm(f1 + f2 + set_rescor(FALSE), data = data11, 
cores = 4)

mediation(m2)

• Direct effect: median value of posterior samples from treatment of the outcome 

model

• Mediator effect: median value of posterior samples from mediator of the 

outcome model.

• Indirect effect: median value of the multiplication of the posterior samples from 

mediator of the outcome model and the posterior samples from treatment of 

the mediation model.

• Total effect: median value of sums of posterior samples used for the direct and 

indirect effect. 

• The proportion mediated is the indirect effect divided by the total effect.



Results
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Results
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library(brms)

M_1<-brm(logit_ag ~ St_FR + St_FR_2 + St_V + log_sup+ 

log_sup:St_V, prior=bprior, data= data11, cores=4 )

𝑙𝑜𝑔𝑖𝑡 𝑦𝑖 ~𝑁𝑜𝑟𝑚𝑎𝑙 𝜇𝑖 , 𝜎

𝑌𝑖 = 𝛼1 + 𝛽𝐹𝑅 + 𝜑𝐹𝑅2 + 𝛾𝑉 + 𝛿𝑀 + 𝜃𝑀𝑉



Results
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The relationship between freezing rate and aggregation is 

mediated by supercooling, and the effect of supercooling on 

aggregation is higher for larger volumes.



Validation runs for larger volumes
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Summary
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• The mediation analysis helped us to understand the 

relation between freezing rate, volume and aggregation 

and to build a model that could predict aggregation for 

larger volumes better than the original model.

• The relationship between freezing rate and percentage of 

aggregation free was mediated by supercooling and the 

relationship between supercooling and percentage of 

aggregation free changed across volumes.
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Francisca Galindo Garre

fgalind1@its.jnj.com


