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Machine Learnina and Artificial Intelliaence (Al

ChatGPT

How powerful is Generative Al?

Generative Al is very powerful — and
it's getting stronger fast, growing at
an unprecedented pace that's
transforming entire industries in real
time.
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Machine Learning and Artificial Intelligence (Al)
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Machine Learnina and Artificial Intelliaence (Al
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Highly accurate protein structure prediction
with AlphaFold
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Bavesian Framework within Al: Variational Autoencoder

Al Non-linear Mixed Effects (NLME) Modeling

@ f Consider N subjects, fori € {1,...,N}:
d
= yv(t) = f(t,y(D), D)), Observations:
@ yz(o) — yi,O . xij — g(yl(tl])a ¢1) + €ij9 € ~ '/V(Oaaz) .

ﬂ h(¢z) — Zi9 =< + ,Bci + n; with 771' ~ /V(O,Q) .

pop

<< Maximize the Log-Likelihood log p(x) with respect to (2, , 2, ).
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Variational Autoencoders in NLME Modelin

1. Encode the data of Individual ;

Encoder

Nu,LL") |~ | &

The encoder is parametrized by a Long Short-Term Memory
(LSTM) neural network.

(u, L;) = LSTM(x;, c;), fori=1,...N

Distribution of individual
Parameters

'Female’ N(u;, L,LT)
[\M\ %:
~|Z;

Data LSTM Encoder
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Variational Autoencoders in NLME Modelin

2. Decode individual Parameter z; by

solving the Model Z| | pecoder
The decoder takes the individual parameter z;
and solves the model equations.
Individual _
Parameters Fit
7 Solve structural model x,(1)
Time - ) Ty Y] iy .
Jan Rohleff
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Variational Autoencoders in NLME Modeling

3. Maximize the Evidence Lower Bound (ELBO) Loss function

N N
Z 5LB0(X) = Z [Ezl.qu(.|xi)[10g px;|z)] — Z DKL(C]V,(Z,- |x) | | p(z)

—_ S
7
X Encoder =| Nu,LL" |~ | < Decoder X
L
/ \
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Theophylline - Example

Model

Consider a population of N = 12 patients. Linear 1-compartment PK model with
absorption.

Observations

* * Male

‘ Femal In(t ¢
o T o -0 ks o Zhan

The model is given by:

Concentration C [in mg/L]
()]

C(f) = Dka _
()_ V(ka_ke) (e

Log-Normal distribution:

(I) EI'J 1IO. . 1I5 2I0 2I5
Time [in hours] ‘/l — V . eﬂV,l', ka,i — ka’pop .
Figure: Theophyilline Data Set by Boeckmann, A. J., Sheiner et al.

(1994). NONMEM Users Guide: Part V., University of California, San
Francisco.
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VAE produces Parameter Estimates consistent with SAEM

VAE

SAEM
1.61
0.085
31.98
0.63
0.15
0.15
0.73

338.6

. ka,pop . 08 . k. , pop . . Vpop .
151 ' ' o I I : ' Fixed Effects
I i ' i | 307 ! !
10 | A Y | | | | Kopop 1.60
| | | | 20 - | |
o S I ; ; ] i ke pop 0.085
>0 Iterations 220 300 0 >0 Iterations 220 300 >0 Iterations 250 300 Vpop 32 .OO
Wk, pop Wk, Wy,
007 | | 1.0 ! | 1.0 | | Variance
0.75 1 | | | | | |
I I I | 1 1 (0]
0.50 ' | 0.5 1 : | 031 | | & 5%
0.25 i i : :L bt i ’: @k, 0.15
>0 Iterations 230 300 0 >0 Iterations 230 300 >0 Iterations 250 300 a)V O . 1 4
a _Eq}(x)
: : : : : Error Model
4 I l 300 A ! ! Burn in
| | 250 i | L’ a 0.72
21 i i 2004 ] l --=- Kg Stat. Criteria
>0 Iterations 230 300 0 >0 Iterations 230 300 _233 3389
Figure: Convergence of the VAE. Table: Theophylline Model results
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Covariate Selection

Which covariates ¢;
should | choose?
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Covariate Selection

« SAEM + Selection Tools, i.e.
, etc.

 SAEM solves NLME problems for a
fixed choice of covariates.

» BICc is computed afterwards:
—2ZLZL(x) + log(N )k

- k number of covariates,
- N subjects.

* lteratively
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Covariate Selection - Dream

Is it really necessary to
the NLME problem
Prior ?

.= + Hc.+ .
- SAEM + Selection Tools, i.e. % = Zpopt/CiH;
, efc. ;/]l, ~ ./V(O,

 SAEM solves NLME problems for a
fixed choice of covariates.

Why not use the Al
power of the VAE for
covariate selection?

» BICc is computed afterwards:
—2ZLZL(x) + log(N )k

- k number of covariates,
- N subjects.

Can we estimate parameters
and select covariates

* lteratively simultaneously in one run?
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Using VAEs, we can offer determination of
population parameters and select

covariates all at ones.

One Run is all you need.
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Simultaneously determination of Population Parameters
and Covariates

Model family
_ (all possible covariate
Analyze a family of models. combinations)

Pro--os By

1. Initialization: Model family,  vector of covariate effects.
Number of active covariates: ||f||y = #{i, f; # 0}.

log(N
2. Optimize the BICc-ELBO: og(N)lIAllo

204D BED = arg max {2ZEB0(x) + log(N) |15V )
POP 70 gk

Selected Model
[ (Active covariates)
One run is all you need. ]
y ﬂZ’ ﬂS? 1620
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Weight of Neonates - Example

Model

Consider a population of N = 2425 patients. T:Z‘e model is given by
Observations EW(Z') = kprod(t) - kel(t)W(t)’ fOl' (t, T], W(O) = WO
4.5 i :
40/ * where
g . ko (f) = Kin k, )=k, [ 1 i
s ol e exp(2— T BN k) = Kous{ 1 =7 -
-§3.0
- Five Parameters (k;,, k,,» Ts0, T} Wp) l09-
20 normally distributed.
Time [in days]
Figure: Neonates Dataset by Wilbaux M., Kasser S., Gromann J. et al. Flve covariates (Se'x’ DelM’ GA’ Mage’ ParaZ)

(2019). Personalized Weight Change Prediction in the First Week of Life.
Clin Nutr. 38(2):689-696.

=> 225 possible covariate model combinations.
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All at Once: Populations Parameters and Covariate Selection

In every iteration the population parameters and covariate model are updated.

Population Parameters

1.90 A

1.85 A

1.80 A

1.75 A

Tlag, pop

wTIag
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All at Once: Populations Parameters and Covariate Selection

In every iteration the population parameters and covariate model are updated.

Tiag,pop | WT,,,
Population Parameters
+ " |
Covariate Model

Iterations

Inactive Covariates

rd v N\

le-5 BT,ag, sex B Tiag, DelM B Tiag, GA BT,ag, Mage BT,ag, Para-
T T T T O 0 T I T T 0 00 . T
6 1 1 1 1 : 1 1 0.25 A .
1 1 0.04 - 1 1 I 1
i i i i i : 0.20
1 1 0.02 i i 021 i i —0.05
41 1 1 1 1 . I 1 0.15 4
1 1 0.00 1 1 I 1 "
| | | ! ! ' | 010
21 ! ! ~0.02 ! ! -0.41 ! ' ~0.107
| | | | | | 005
—0.04 A
0—— ! ; ; ; ; 0.00 ——" .
0 50 200 250 0 50 200 250 0 50 200 250 0 50 200 250

Iterations Iterations Iterations Iterations

Figure: Convergence of the Covariates of 7},,.
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VAE Convergence - Covariates

BWD, sex BWD, DelM EWO, GAexact ﬁWo, Mage ﬁWo, Para,
0.04 4 — R 0.000 1 H T H H 0.04 4 o T
) 1 1 1 1 0.04 1 1 1
1 1 1 1 1 1 1
0.03 1 ! ! —0.005 1 ! ! 0021 1 1 0.03 1 !
1 1 1 1 1
0.02 i i ~0.0104 i i 0.00 0.02 |
1 1 1 1
1 1 1 4 1
0.011 i i ~0.015 1 ! -002 0.011 !
0 g N ! —0.04 4 !
0.00 I I —0.020 4 ) I 0.00 7 }
0 50 Iterations 200 250 0 50 Iterations 200 250 Iterations 200 250 0 50 Iterations 200 250 0 Iterations 200 250
ﬁkm. sex Bkm. DelM B kin, GAexact B kin, Mage B Kin, Para;
0.05 1 y 0.000 | 1
! ! ! 0.100
0.04 4 i ~0.025 4 i
| | ! 0.075
0.03 f ~0.050 i
] 0.050
0.02 -0.075 1
] 0.025
0.01 ~0.100 4
0.00 H 0.000
0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250
le-5 ﬁT/ag, sex BT/BQ, DelM BT,ag. GAexact BT,ag. Mage BT,ag, Para;
6] i 1 i 1 0.0 1 0.25 0.00 1
: : 004y : : :
0.20
! ! 0.02 | | o2 1 ~0.051 i
4 I 1 - 1 0.15 4 1
1 1 1 g 1
0.00 i
1 0.10 —0.10
21 ~0.02 4 —0.44 ! 0.10
! 0.05
—0.04 4
0 ; 0.00 —0.15
0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250
ﬁkouh sex ﬁkout, DelM Bkoutr GAexact Bkou[, Mage Bkout, Para,
H H H 0.0 H I 0.10 ] H 0.000 H I
004y : : : ' : :
0.08
0.02 1 | | 1 —0.11 1 ~0.005 1 f 1
1 d 0.06 1 1 1
0.00 | 1 i
0o ! 0.04 ~0.010 1
-0.02 4 0.2 i i i
: 0021 : :
—0.04 4
-0.34 1 0.00 | —0.0159 |
0 50 Iterations 200 250 0 50 Iterations 200 250 0 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250
Brsy, sex Brs,. Deim B, GAexact Brso, Mage By, Para;
i 1 i 1 0.0 0.10 0.00 T
0.04 4 I 1 0.04 4 i i l Burn in
| | | | -0.24 0.081 f
0.02 0.02 ~0.01 1 - Kq
0.06 t
0.00 0.00 —041 i - Kg
0.04 —0.02 1
~0.02 ~0.02 4 —0.67 i
0.02 4 1
~0.041 ~0.041 ~0381 —0.031 !
0.00 I |
0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250 0 50 Iterations 200 250

Figure: Convergence of the Covariates.
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Neonates - Selected Covariates

VAE COSSAC SAMBA SCM
QPP 146154 146132 146177 146123
BICc 146351 146329 146374 146305

Table: Statistic Criteria for the VAE, COSSAC, SAMBA and SCM Covariates Selection.

:B sex ﬂ DelM ﬂ GAexact ﬁ Mage ﬁ Para? J VAE
W, v v v v
Kin vv v v vv v v/ COSSAC
s vV vv v
Kout Vv v v SCM
- - - v Al

Table: Selected Covariates for the VAE, COSSAC, SAMBA and SCM.
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Neonates - Selected Covariates

VAE COSSAC SAMBA

A 146154 146132 146177

BICc 146351 146329 146374
Runs 1 33 2

Table: Statistic Criteria for the VAE, COSSAC, SAMBA and SCM Covariates Selection.

P Ppeim PGaexact Prage
W, v v v
Kin vv v v vv
T vV vv
Kout v
I5 v v

Table: Selected Covariates for the VAE, COSSAC, SAMBA and SCM.

ﬂPara2

S SS s«

SCM

146123
146305

244

< S

VAE
COSSAC

SCM
All
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Conclusion

Generative Al

Future

Simultaneously Parameter
Zop TP Estimation + automated Covariate
Selection

Analysis of complex covariates

filjli VAE-based NLME framework in
lootst:
T5Tat Python

Totally or partially unknown ODE
Models

7. Prediction of parameters of new
l

individuals Automated Modeling
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