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Abstract; Objective
pharmacodynamic (PK —PD) model of a novel glucagon — like peptide — 1
(GLP -1) analogue in patients with type 2 diabetes mellitus (T2DM) ,

To establish a population pharmacokinetic —

using HbAlc levels after 52 weeks of treatment as the efficacy endpoint
and based on a nonlinear mixed — effects model (NLME). Methods A
population PK — PD linkage model was developed via the NLME
approach, utilizing 1 967 plasma concentration data points and 1 813
observed HbAlc data points from 409 T2DM subjects enrolled in a Phase
Il clinical trial. Model robustness and predictive performance were
comprehensively validated using diagnostic plots, visual predictive check
(VPC), and the Bootstrap method. Results

were best described by a one — compartment model with first — order

The PK characteristics

absorption and first — order elimination, while the PD model was a plasma
concentration — driven indirect response model. Key parameters were
estimated as follows; apparent volume of distribution (V/F) =11.28 L,
apparent clearance (CL/F) =1. 11 L » day ™', maximum inhibitory effect
(I,.) =0.30, and half — maximal inhibitory concentration (ICs,) =

max
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37.77 ng - mL™".

Covariate analysis revealed that baseline body weight was a significant factor affecting CL/F, and

baseline HbAle ( group 1: HbAlc < 8.5%; group 2: HbAlc =

8.5% ) influenced the parameter kin.

Conclusion The nonlinear mixed - effects model effectively utilizes sparsely sampled data, and the obtained PK - PD

parameter estimates are robust and reliable.

Key words: GLP — 1 analogue; nonlinear mixed — effects modeling; population pharmacokinetics; population

pharmacodynamics; sparse sampling
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Table 1 Basic information of subjects

Index Statistic Model group (n =306) Validation group (n =103) Total (n =409)
SEX F(%) 132(43.1) 46(44.7) 178(43.5)
M(% ) 174(56.9) 57(55.3) 231(56.5)
AGE Mean(SD) 53.8(10.51) 55.1(10.50) 54.1(10.51)
Median ( min, max) 56.0(21,75) 57.0(29,73) 56.0(21,75)
HEIGTH( cm) Mean(SD) 165.25(8.65) 164.81(8.70) 165.14(8.63)
Median ( min,, max ) 165.1(145.9,186.0) 164.1(141.3,185.0) 165.0(141.3,186.0)
WEIGTH (kg) Mean(SD) 74.62(12.765) 72.47(11.953) 74.08(12.586)
Median ( min, max) 73.50(44.9,110.3) 70.50(47.3,109. 1) 73.0(44.9,110.3)
BMI(kg/m?) Mean(SD) 27.22(3.491) 26.63(3.564) 27.07(3.514)
Median ( min,, max ) 26.80(20.2,35.1) 25.90(19.9,34.3) 26.70(19.9,35.1)
HbA1C(% ) Mean(SD) 6.86(0.92) 6.80(0.86) 6.85(0.90)
Median ( min, max) 6.80(4.7,10.7) 6.60(5.1,9.4) 6.70(4.7,10.7)
Q1,Q3 6.20,7.50 6.20,7.30 6.20,7.40
HbA1C_BL(% ) Mean(SD) 8.41(0.785) 8.31(0.790) 8.39(0.787)
Median ( min, max) 8.30(7.1,10.4) 8.20(7.0,10.3) 8.30(7.0,10.4)
Q1,Q3 7.90,9.00 7.70,8.90 7.80,8.90
HbA1C_CHG( % ) Mean(SD) —-1.55(0.94) -1.51(0.88) -1.54(0.92)
Median ( min, max) -1.50( -5.0,2.3) -1.40( -3.9,0.9) -1.50( -5.0,2.3)
Q1,Q3 -2.10, -0.90 -2.10, -0.90 -2.10, -0.90

HbAIC: Glycated hemoglobin; HbA1C_BL: Baseline glycated hemoglobin value; HbAIC_CHG: Change in glycated hemoglobin from baseline.
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Table 2 Comparison of error models
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Model type LogLik -2LL AIC BIC

Additive error model -7 802.01 15 604. 03 15 614. 03 15 641. 35
Proportional error model -6 313.68 12 627.37 12 637.37 12 664. 69
Mixed error model -4 556. 02 9 112.03 9 124.03 9 156. 82

LogLik: Log — likelihood, a larger value indicates better fit; —2LL: -2 log - likelihood; AIC: Akaike information criterion; BIC: Bayesian information

criterion.

R3 BL PR R

Table 3 Stepwise regression for covariate selection

Model RetCode LogLik -2LL AlC BIC

Basic model 1 -6 313.7852 12 627.57 12 637.57 12 664. 896
Model 1 Cl - GGT 1 -6 308. 3721 12 616. 744 12 628. 744 12 661. 535
Model 2 CI - BILI 1 -6 313.4007 12 626. 801 12 638. 801 12 671. 592
Model 3 CI - BMI 1 -6 284.8513 12 569. 703 12 581.703 12 614. 493
Model 4 Cl — weight 2 -6 279.4197 12 558. 839 12 570. 839 12 603. 630
Model 5 Cl - GGT Cl - weight 1 -6 278. 0041 12 556. 008 12 570. 008 12 608. 264
Model 6 CI - BILI CI — weight 2 -6 278.3717 12 556. 743 12 570.743 12 608. 999
Model 7 Cl — BMI Cl — weight 1 -6277.5742 12 555. 148 12 569. 148 12 607. 404

R4 BARYEARR SRS A2EIEL R L

Table 4 Population pharmacokinetic model parameter estimates and bootstrap results

PK model Bootstrap Relative
Parameter
Estimate RSE% Shrinkage Mean RSE% 95% CI bias (%)
Pharmacokinetic parameters
oV (L) 10. 81 4.91 10. 80 5.37 9.73 -11.99 -0.10
6CL(L-d™1) 1. 11 1.49 1. 11 1.73 1.08 -1.15 -0.08
Oweight on CL 0. 63 7.39 0. 63 9.79 0.50 -0.75 -0.70
Inter — individual variabilit
wV 0. 19 19.37 0.32 0.19 22.05 0.11 -0.26 -0.95
wCL 0.02 17. 44 0.29 0.02 21.91 0.01 -0.03 -0.17
Residual variability
o (Mul) 0.29 4.35 0.29 4.48 0.27 -0.32 0.13

CL: Apparent clearance; V/F: Apparent volume of distribution; RSE% = (stdder/estimate) x 100; Relative bias (% ) = [ ( bootstrap mean — NONMEM fi-

nal estimate )/ NONMEM final estimate ] x100% ; 95% confidence interval (estimate +1.96 x standard error of the estimate) ; Mul: Multiplicative error model.



824

v T R 25 PR gk R

A2 M6 M) 2026 4F3 3 (S 452 1)

1.3 &% Pop PK &%
FEK Pop PK AU A5 2 LR (1) F1(2)

V=10. 81 x exp(0. 19) (1)
CL=1.11 x(%gg”)““ x exp (0. 02) (2)

K HI 1000 Y1) Bootstrap 125 5 iE fie Z AR Y | 25
IGIFE 1000 YK, I 100% , 4 g T AELktk
TRAZUN AR B F bootstrap E S 8L 5 2 B fEE
(B, AR AT -2 HAG BRI, 22/ N T £5% , H.
H95% "B AE X a4 TR S, R U I A R
SERBONTAEAT RE

LS S SR O N U (= 1 L R o PR TR =l
(IPRED wvs. DV') A1 {4 35000 {60 A0 00 00 6L A 0 B
(PRED ws. DV) A] WLIIN{E AR EE A& o HEAR
oL UL AR S5 A AR i 5k 22 ] ( CWRES ws.
PRED) 1, #dfii s/ CWRES =0 Wi JL-F- ¥ 5] 734,
RERPEEE RITE =4 Z N, BT A 18U X
SR EE . IS AL SRR 5k 25 18] ( CWRES s,
TIME) H %585 5576 CWRES =0 Wil JL-F- 345 5315,
LA 1R 25 AR B £ 5 . AT A Ak T A 56 ( visual
predictive check , VPC) Z5 R 4N1KE 2 s, WO IR & 3%
71N D T B ) LT, &1 €5, 2 7 LI 5 40 ) Hh L

300 a 3001 b
=, 200+ T, 200
£ E
&n &n
£ £
> >
A 100 A 100
o M, o o 5L, 2 °.
0 50 100 150 200 250 0 50 100 150 200
IPRED/ng-mL"! PRED/ng-mL"!
40+ ¢ 404 d
244 24-°,° g5 y=2
8 8 v
@ 08 @ 08+ M
g | =
S 08 S -08
B o g%
o 8 £ g2
2.4 0 % 0% 24 of L} g
s ‘ g
8 .
-4 T T T 1 -4 T T T T 1
0 50 100 150 200 0 100 200 300 400 500
PRED/ng-mL"! MITE/d
=) S ) o | -,
B 1 mZBn A S IR,
Figure 1  Basic goodness — of — fit plot of the final model

a: Actual values versus model individual predictions; b: Actual values
versus model group predictions; ¢: Weighted residuals versus model group
predictions; d: Weighted residuals versus time after administration;
DV: dependent variable; IPRED: The observed concentration versus
individual — predicted concentration; PRED: The observed concentration
versus population — predicted concentration; CWRES: Conditional weighted

residuals.
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tiles for VPC Model. Circles represent individual observations, while shaded
areas denote the 95% confidence intervals corresponding to the 5th, 50th,

and 95th percentiles of the simulated data.
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Figure 3  Goodness — of —fit plots of population PD model

DV: Dependent variable; IPRED: The observed concentration versus
individual — predicted HbAlc; PRED: The observed concentration versus
population — predicted HbAlc; CWRES: Conditional weighted residuals.

Table 5 Population pharmacokinetics pharmacodynamics parameter estimates

Final model

Validation model

Parameter
Estimate RSE% Shrinkage 95% CL Estimate RSE% 95% CL
Pharmacokinetic Parameters
ok, (d) 1. 89 (fixed) 1. 89 (fixed)
oV (L) 11.28 6.27 9.90 - 12. 67 9.90 8.30 8.29 —11.51
0CL(L/d) 1.11 1.60 1.09-1.15 1.07 2.92 1.01-1.13
weight on CL 0. 64 10. 44 0.51-0.78 0. 62 23. 04 0. 34 -0.90
Pharmacodynamics Parameters
ok, (% /d) 0.33 5.93 0.29 -0.37 0.29 6.72 0.25 -0.33
0k, (17d) 0.04 5.89 0.04 -0.05 0.04 6.63 0.03 -0. 04
0L, 0.30 4,61 0.27 -0.32 0.28 5.89 0.25 -0. 31
0ICsy(ng + mL™") 37.77 13.78 27.56 -47.97 28.09 16. 64 18.92 -37.27
fgroup on k;, 0.15 5.80 0.13 -0.17 0.16 8.28 0.14-0.19
Inter — individual variabilit
wV 0.23 24. 65 0.27 0.12 -0.34 0.32 27.59 0.15 -0.50
wCL 0.02 20. 45 0.30 0.01 -0.03 0.03 38. 44 0.01 -0.05
wk;, 0.00 15.7 0.25 0. 00 - 0. 00 0.00 21.15 0. 00 - 0. 00
ol 0.16 10. 47 0.12 0.12-0.19 0.14 25.57 0.07 -0.22
Residual variability
oMul(pk) 0.29 4.44 0.27 -0.32 0.31 7.76 0.26 -0.35
oMul(pd) 0.05 5.20 0.05 -0.07 0.05 8.04 0.04 - 0. 06

RSE% = (stdder/estimate) x 100; kin; Zero — order rate constant for HbAlc formation; k

First — order rate constant for HbAlc elimination; [

out * max *

Maximum inhibitory effect of the drug; ICs,: Drug concentration required to achieve 50% of the maximum inhibitory effect; HbAlc_BL: Baseline glycated

hemoglobin value; Mul: Multiplicative error model.
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VPC of pharmacodynamics test results

VPC: Predictive check plot with confidence intervals of the simulated quan-
tiles for VPC Model. Circles represent individual observations, while shaded
areas denote the 95% confidence intervals corresponding to the 5th, 50th,

and 95th percentiles of the simulated data.
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