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Figure S1. Proportion of choices from each deck of the healthy control (HC) group (each block 
consists of 20 trials) and simulation performance of each model. 
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Figure S2. Proportion of choices from each deck of the amphetamine group (each block consists of 
20 trials) and simulation performance of each model. 
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Figure S3. Proportion of choices from each deck of the heroin group (each block consists of 20 trials) 
and simulation performance of each model.  
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Figure S4. Posterior distributions of differences of group mean parameters between the amphetamine 
and the healthy control (HC) groups, with the VPP model. HDI = highest density interval. 
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Figure S5. Posterior distributions of differences of group mean parameters between the amphetamine 
and the heroin groups, with the VPP model. HDI = highest density interval. 
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Figure S6. Posterior distributions of differences of group mean parameters between the heroin and 
the healthy control (HC) groups, with the PVL-DecayRI model. HDI = highest density interval. 

 

 

 

 

 

 

−0.236 0.197

Mean = −0.007

95% HDI

0

1

2

3

−0.25 0.00 0.25
AHeroin −AHC

D
en

si
ty

A (Decay rate)

−0.101 0.236

Mean = 0.069

95% HDI

0

1

2

3

4

5

−0.25 0.00 0.25
αHeroin − αHC

D
en

si
ty

α (Reward Sensitivity)

−0.124 0.118

Mean = −0.006

95% HDI

0

2

4

6

−0.2 −0.1 0.0 0.1 0.2 0.3
cHeroin − cHC

D
en

si
ty

c (Response consistency)

−2.26 −0.199

Mean = −1.152

95% HDI

0.0

0.2

0.4

0.6

0.8

−4 −3 −2 −1 0
λHeroin − λHC

D
en

si
ty

λ (Loss aversion)



Ahn et al.   Decision-making in pure substance users 

Woo-Young Ahn 8 

Figure S7. Posterior distributions of differences of group mean parameters between the amphetamine 
and the healthy control (HC) groups, with the PVL-DecayRI model. HDI = highest density interval. 
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Figure S8. Posterior distributions of differences of group mean parameters between the amphetamine 
and the heroin groups, with the PVL-DecayRI model. HDI = highest density interval. 
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Figure S9. Posterior distributions of differences of group mean parameters between the heroin and 
the healthy control (HC) groups, with the PVL-Delta model. HDI = highest density interval. 

 

 

 

 

 

 

−0.00113 0.304

Mean = 0.135

95% HDI

0

2

4

0.0 0.2 0.4 0.6
AHeroin −AHC

D
en

si
ty

A (Learning rate)

−0.254 0.434

Mean = 0.093

95% HDI

0.0

0.5

1.0

1.5

2.0

−0.5 0.0 0.5
αHeroin − αHC

D
en

si
ty

α (Reward Sensitivity)

−0.829 0.141

Mean = −0.338

95% HDI

0.0

0.5

1.0

1.5

−1.5 −1.0 −0.5 0.0 0.5
cHeroin − cHC

D
en

si
ty

c (Response consistency)

−1.09 −0.137

Mean = −0.59

95% HDI

0.0

0.5

1.0

1.5

−2.0 −1.5 −1.0 −0.5 0.0
λHeroin − λHC

D
en

si
ty

λ (Loss aversion)



Ahn et al.   Decision-making in pure substance users 

Woo-Young Ahn 11 

Figure S10. Posterior distributions of differences of group mean parameters between the 
amphetamine and the healthy control (HC) groups, with the PVL-Delta model. HDI = highest density 
interval. 

 

 

 

 

 

−0.0512 0.053

Mean = −0.002

95% HDI

0

5

10

15

−0.1 0.0 0.1
AAmph −AHC

D
en

si
ty

A (Learning rate)

−0.416 0.23

Mean = −0.099

95% HDI

0.0

0.5

1.0

1.5

2.0

−0.8 −0.4 0.0 0.4
αAmph − αHC

D
en

si
ty

α (Reward Sensitivity)

−0.538 0.52

Mean = 0.007

95% HDI

0.0

0.5

1.0

1.5

−1.0 −0.5 0.0 0.5 1.0
cAmph − cHC

D
en

si
ty

c (Response consistency)

−0.934 0.35

Mean = −0.274

95% HDI

0.0

0.5

1.0

−2 −1 0 1
λAmph − λHC

D
en

si
ty

λ (Loss aversion)



Ahn et al.   Decision-making in pure substance users 

Woo-Young Ahn 12 

Figure S11. Posterior distributions of differences of group mean parameters between the 
amphetamine and the heroin groups, with the PVL-Delta model. HDI = highest density interval. 
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Figure S12. Posteriors for the multiple regression analysis with heroin users. Their loss aversion (λ) 
parameter estimated with the VPP model was the predicted variable. 
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Figure S13. Posteriors for the multiple regression analysis with heroin users. Their loss aversion (λ) 
parameter estimated with the PVL-DecayRI model was the predicted variable. 
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Figure S14. Posteriors for the multiple regression analysis with amphetamine users. Their reward 
sensitivity (α) parameter estimated with the PVL-DecayRI model was the predicted variable. 
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Appendix 

 
Here, we report the results of parameter recovery results to examine how well each model can 

recover true parameters for synthetic data. For the purpose, we generate synthetic data that were 
based on the individual posterior means of the HC group by fitting each of the three models we 
compared (VPP, PVL-DecayRI, and PVL-Delta). Previous studies show that PVL models showed 
relatively good parameter recovery performance (Ahn et al., 2011 for the PVL-DecayRI and 
Steingroever et al., 2013 for the PVL-Delta), but the VPP model has not been tested yet with the 
parameter recovery method. 

Figures A1, A2, and A3 show the results of the parameter recovery for the VPP, PVL-
DecayRI, and PVL-Delta models, respectively. Red circles indicate true parameters of rank ordered 
participants (Steingroever et al., 2013) and recovered parameters were illustrated with density plots 
of individual posterior distributions and tick marks, which indicate mean values for each participant. 
Qualitatively, the PVL-Delta showed the best performance, followed by the PVL-DecayRI, and the 
VPP models. 
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Figure A1. Parameter recovery performance of the VPP model. Red circles indicate true values used 
to simulate synthetic data and black tick marks indicate the means of individual posterior 
distributions. Density plots range from 0.01% to 99.99% of posterior distributions. Participants are 
rank ordered based on true parameter values (red circles). 
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Figure A2. Parameter recovery performance of the PVL-DecayRI model. Red circles indicate true 
values used to simulate synthetic data and black tick marks indicate the means of individual posterior 
distributions. Density plots range from 0.01% to 99.99% of posterior distributions. Participants are 
rank ordered based on true parameter values (red circles). 
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Figure A3. Parameter recovery performance of the PVL-Delta model. Red circles indicate true values 
used to simulate synthetic data and black tick marks indicate the means of individual posterior 
distributions. Density plots range from 0.01% to 99.99% of posterior distributions. Participants are 
rank ordered based on true parameter values (red circles). 
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