Characterization of inter-antibody variability in clinical pharmacokinetics of monoclonal antibodies using low-dimensional neural ordinary differential equations (NODE)
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Appendix S1. 
NODE-2CMT model equations:
The disposition of antibody in the NODE-2CMT model was described, in terms of compartment amounts, by the following system of ordinary differential equations:
		(S1)
		(S2)
		(S3)
where  is the amount of antibody in the subcutaneous absorption depot, and  and  are the antibody amounts in the central and peripheral compartments, respectively;  is the first-order subcutaneous absorption rate constant;  is the linear clearance from the central compartment;  is the inter-compartmental clearance;  and  are the central and peripheral volumes of distribution; and  is the embedded neural-network elimination term defined below. Intravenous doses enter the central compartment () directly.

Neural-network elimination term:
The nonlinear elimination flux  was represented by a low-dimensional feed-forward neural network with a single hidden unit. The hidden unit applies a rectified linear unit (ReLU) activation to a linear function of the central amount :
	                                         (S4)
and the network output is a linear function of the hidden unit:
	                                                    (S5)
Substituting Eq (S4) into Eq (S5) gives the closed form
	                    (S6)
where  and  are the input-layer weight and bias,  and  are the output-layer weight and bias,  is the hidden-unit activation, and max denotes the ReLU activation, which returns zero for non-positive arguments and the argument itself otherwise. The term is therefore piecewise-linear in : it equals  while  ≤ 0, and increases linearly with  above this threshold. This single change of slope is the only departure from linearity the architecture can represent: the function is unbounded above, has no maximum flux, and therefore does not satisfy the structural constraints of a Michaelis–Menten or target-mediated elimination term. It is a flexible piecewise-linear elimination function, not a mechanistic saturable term, and is reported as such throughout. In the fitted NODE-2CMT model the input-layer bias was positive (b11 = 0.0295) and the network input is non-negative, so the ReLU unit was active over its entire domain and fNN reduced exactly to an affine function of the central amount with no breakpoint; the corresponding learned functions for both models are shown in Figure S3. The network input is the central amount  (corresponding to the model code variables  = W11,  = b11,  = Wc21,  = bc21); because this input is an amount rather than a concentration, the fitted neural-network parameters are not directly comparable with those of the NODE-mPBPK model.

NODE-mPBPK model equations:
The disposition of antibody in the NODE-mPBPK model was described by the following system of ordinary differential equations:
		(S7)
		(S8)
		(S9)
		(S10)
		(S11)
where  is the amount of antibody in the subcutaneous absorption depot; , , , and  are the antibody concentrations in plasma, tight tissue, leaky tissue, and lymph, respectively;  is the first-order subcutaneous absorption rate constant; , , , and  are the plasma, tight-tissue, leaky-tissue, and lymph volumes;  and  are the lymph flows associated with the tight and leaky tissues and  is the total lymph flow returning to plasma;  and  are the vascular reflection coefficients for the tight and leaky tissues and  is the lymphatic reflection coefficient; and  denotes the embedded low-dimensional neural-network elimination term. Intravenous doses enter the plasma compartment () directly. Physiological volumes and lymph flows were fixed to literature values for immunoglobulin G.





















i.  NODE-2CMT model code
DESCRIPTION:
NODE Based 2CMT model
[LONGITUDINAL]
input={CL,Vc,Q,ka,Vp,W11,b11,bc21,Wc21}

PK:
depot(adm = 1, target = Ap)
depot(adm =2, target = Xa)
EQUATION:

h1 = max(0, W11 * Ap + b11)
;h2 = max(0, W12 * Ap + b12)
; h3 = max(0, W13 * Ap + b13)
; h4 = max(0, W14 * Ap + b14)
; h5 = max(0, W15 * Ap + b15)

fNN = Wc21*h1+bc21;+Wc22*h2

; fNN = Wc21*h1+Wc22*h2+Wc23*h3+Wc24*h4+Wc25*h5+bc21
ddt_Xa = -ka*Xa
ddt_Ap = ka*Xa -(CL/Vc+Q/Vc)*Ap+Q/Vp*At-fNN
ddt_At = -(Q/Vp)*At+(Q/Vc)*Ap


Cp = Ap/Vc

OUTPUT:
output = {Cp}
ii.  NODE-mPBPK model code
DESCRIPTION:
NODE Based 2nd generation mPBPK model to characterize the disposition of mAbs
[LONGITUDINAL]
input={sigma1,ka,sigma2,W11,b11,Wc21,bc21}

PK:
Vp = 2.6*1000
Vx = 1
depot(adm=1, target = Cp, p = 1/Vp)
depot(adm =2, target = Xa)
EQUATION:

   
   V_Leak = 0.35*15.6*0.8*1000
   V_T = 0.65*15.6*0.8*1000
   V_Lymph = 5.2*1000
;    sigma1 = 0.950 
;    sigma2 = 0.750 
   Lt = 0.12083*1000
   L1 = 0.33*0.12083*1000
   L2 = 0.67*0.12083*1000
   ;CLp = 0.00851
   sigmaL = 0.2

h1 = max(0, W11 * Cp + b11)
;h2 = max(0, W12 * C_T + b12)
;h3 = max(0, W13 *C_L+b13)
;h4 = max(0, W14*C_L+b14)

fNN = Wc21*h1+bc21;+Wc22*h2
;fNN_L = Wc23*h3+bc23;+Wc24*h4
  ddt_Xa = -ka*Xa
  ddt_Cp = (ka*Xa+C_L*Lt-Cp*L1*(1-sigma1)-Cp*L2*(1-sigma2)-fNN)/Vp
  ddt_C_T = (L1*(1-sigma1)*Cp-L1*(1-sigmaL)*C_T)/V_T
  ddt_C_Leak = (L2*(1-sigma2)*Cp-L2*(1-sigmaL)*C_Leak)/V_Leak
  ddt_C_L = (L1*(1-sigmaL)*C_T+L2*(1-sigmaL)*C_Leak-C_L*Lt)/V_Lymph



OUTPUT:
output = {Cp}


Figure S1. A. Goodness-of-fit for the NODE-2CMT model on the 31-antibody training set. Observed concentrations are plotted against population predictions; the solid line denotes the line of identity and the red line a smoothing spline. 
[image: ]

B. Prediction-corrected visual predictive check for the NODE-2CMT model on the 31-antibody training set. Observed concentrations are shown together with the model-predicted central tendency and prediction interval, indicating that the model captured both the typical profile and the between-profile dispersion.
[image: ]

Figure S2. A. Goodness-of-fit for the NODE-mPBPK model on the 31-antibody training set. Observed concentrations are plotted against population predictions; the solid line denotes the line of identity.
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B. Prediction-corrected visual predictive check for the NODE-mPBPK model on the 31-antibody training set. The model reproduced the central tendency and variability of the observed concentration–time data across the dosing interval.
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Figure S3. The learned elimination functions evaluated over their realized input ranges. (A) NODE-2CMT model. (B) NODE-mPBPK model. In each panel the fitted neural-network elimination flux fNN is plotted against the network input across the range of values actually visited by the training data; the rug beneath each curve shows the distribution of those inputs. The annotation gives the closed-form linear approximation over that range. In the NODE-2CMT model the ReLU unit is active over its entire domain (positive input bias, non-negative input), so fNN is exactly affine with no breakpoint. In the NODE-mPBPK model the ReLU breakpoint lies at a plasma concentration of 0.0559 µg/mL, at or below the lowest observed concentrations, so the function is effectively linear across the observed range. The implied apparent plasma clearances are 6.78 mL/h (NODE-2CMT, additional to the explicit linear clearance of 3.04 mL/h) and 11.2 mL/h (NODE-mPBPK). Neither network identified a saturable elimination component in this dataset.
[image: ]
Figure S4. Individual model fits to the five antibodies withheld from estimation (daclizumab, fulranumab, nivolumab, obiltoxaximab, raxibacumab). (A) NODE-2CMT model. (B) NODE-mPBPK model. Points are observed concentrations, lines are individual predictions obtained with the training population parameters held fixed, and the grey band is the 90% prediction interval. Concentrations are shown on a log10 scale, auto-scaled per panel, against time in hours. 
A.
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NN-mPBPK model fittings overview — test antibodies

Points = observed ¢ lines = individual model fit (conditional mode). Grey band = 90% prediction interval. Y-axis log10, auto-scaled per panel.
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Observed vs. predicted concentrations across compounds

Black solid ine = denity (y = x) + grey dashed ines = 2-fold deviation * red line = LOESS trend with 80% confidence band (fit in log-log space). Each point = one observation; color = compound (all doses pooled).
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image3.png
Observed vs. predicted concentrations across compounds

Black solid ine = denity (y = x) + grey dashed ines = 2-fold deviation * red line = LOESS trend with 80% confidence band (fit in log-log space). Each point = one observation; color = compound (all doses pooled).
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