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Supplemental Methods for Development of the Adaptation Factors 

The adaptive model incorporates the physiologically-based adaptation of tubular water 

reabsorption in CKD patients to parameterize tubular flow rate (TFR) of all model subsegments 

to allow the TFR to decrease less than proportionally in relation to GFR.  As TFR for each 

subsegment is a model-specific parameter and depend on the number of kidney segments 

included in the model,  the quantitative approach for the physiological adaptation is also only 

directly applicable for the specific previously developed mechanistic kidney model for healthy 

kidney2 that has 11 longitudinal subsegments. To quantitatively describe the adaptation of 

tubular water reabsorption, a set of tubular subsegment-specific adaptation factors (AFi) was 

calculated based on reported mean urine formation of 0.62 mL/min (62% of healthy urine flow) 

in CKD patients (n=216) with a mean GFR of 10 mL/min (8.3% of healthy GFR).1 

Physiologically and mathematically, the magnitude of adaptation of TFR in CKD patients must 

be different in different tubular subsegments and monotonically increase from proximal segment 

to collecting duct. The inflow of the first subsegment of the proximal tubule must equal GFR and 

as such must decline proportionally with GFR, indicating no adaptation in this subsegment. In 

contrast, the outflow of the last subsegment of the collecting duct cannot decline proportionally 

to GFR as this would result in a urine flow of 0.083 mL/min, a value that is 83% lower than the 

observed urine flow of 0.6 mL/min when GFR =10 mL/min. As such (vide infra), to match the 

observed urine flow in CKD patients, the collecting duct must have the maximum adaptation, 

and TFR in this subsegment must decline much less than GFR. To meet these requirements, the 

tubular subsegment-specific AF (AFi) for each TFR was calculated using Equation 1: 

𝐴𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟𝑖  (𝐴𝐹𝑖) = 𝑚𝑖𝑛 + 
𝑚𝑎𝑥 −𝑚𝑖𝑛

1+10
𝑛(𝐿𝑜𝑔10𝑇𝐹𝑅𝑖,𝐻−1)                (1) 



where min represents the minimum adaptation capacity of 0, max represents the maximum 

adaptation capacity of 0.57, n is analogous to Hill coefficient which was set at 1.80. TFRi,H 

represents the individual value of renal tubular flow rate entering each tubular subsegment 

(including bladder) in healthy subjects (i.e. GFR = 120 mL/min) where i ranges from 1 to 12 

and H stands for healthy state. The values of tubular flow rates in healthy subjects are based 

on human physiology and as published previously.2  

The mathematical structure of Equation 1 was chosen based on biological plausibility to 

adhere to mass balance principles of liquid flow in the kidney. Other functions such as linear, 

exponential, logarithmic, power, and Michaelis-Menten variant functions were also tested but 

all of these functions failed to produce a physiologically possible tubular flow profile for the 

11 subsegment-based kidney model.  All of these functions produced tubular flow rates for 

some subsegments that exceeded the value of the previous subsegment, a biologically 

impossible result due to conservation of matter (i.e. the TFR in downstream subsegment must 

be the same or lower than the previous subsegment) and hence could not be included. To 

maintain mass balance of liquid flows in the kidney, tubular flow rate must decrease 

monotonically from proximal segment to collecting duct as water is being reabsorbed. The 

water reabsorption in the model is incorporated as the difference in tubular flow rate between 

individual subsegments. 

In equation 1 the parameter n (analogous to Hill coefficient) was set as 1.8 after optimization 

based on biological plausibility of monotonically decreasing tubular flow rate. Other tested 

values for n were not plausible; for example, if n = 1.6, when GFR = 5 mL/min, the second 

subsegment will have a tubular flow rate of 5.3 mL/min, which exceeds the GFR value of 5 

mL/min. If n = 2, when GFR = 5 mL/min, the 6th subsegment will have a tubular flow rate of 



2.94 mL/min, but the 7th subsegment will have a tubular flow rate of 3.18 mL/min, exceeding 

the tubular flow rate of the previous subsegment. 

Overall, Equation 1 generates a series of adaptation factors that are applied to each 

subsegment in our model to specifically address the quantitative changes in water reabsorption 

in the kidney with CKD. Since the adaptation factor is specific to the TFR in each model 

subsegment, equation 1 incorporates the TFR for a subsegment in the calculation. The model-

specific adaptation factors are then incorporated with patient’s GFR into Equation 2:  

𝑆𝑐𝑎𝑙𝑎𝑟𝑖𝑗 = 1 − (1 −
𝐺𝐹𝑅𝑗

120
) × (1 − 𝐴𝐹𝑖)                                (2) 

to calculate a scalar that is both segment-dependent and CKD stage/GFR-dependent.   



Table S1. Representative tubular flow rates (TFR) for the proportional and adaptive models at different stages of CKD. The tubular subsegment-

dependent adaptation factors (AFi) were calculated according to Equation 1 and implemented for the adaptive model. The renal tubular flow rates 

(TFR) were calculated using either proportional model (TFRP) by direct scaling to GFR as described in Methods, or using the adaptive model (TFRA) 

according to Equations 2 and 3. The renal tubular flow rate (TFR) (mL/min) shown here indicates the inflow rate of entering each renal subsegment, 

which equals to the outflow rate exiting from the previous renal subsegment. The inflow rate of the first proximal tubule subsegment always equals to 

the GFR. The outflow rate of the last subsegment of collecting duct always equals to the inflow rate of bladder and the urine formation rate (as no 

reabsorption occurs within bladder). All flows are presented in mL/min. 

 

  

Healthy 

(Stage 1) 
GFR = 120 mL/min 

  

Mild Stage CKD 

(Stage 1/2) 
GFR = 90 mL/min 

Moderate Stage CKD 

(Stage 2/3) 
GFR = 60 mL/min 

Severe Stage CKD 

(Stage 3/4) 
GFR = 30 mL/min 

End Stage CKD 

(Stage 4/5) 
GFR = 15 mL/min 

Model Subsegment TFR Adaptation Factor TFRP TFRA TFRP TFRA TFRP TFRA TFRP TFRA 

Proximal Tubule1 120 0 90.00 90.00 60.00 60.00 30.00 30.00 15.00 15.00 

Proximal Tubule2 94 0.0099 70.50 70.73 47.00 47.47 23.50 24.20 11.75 12.57 

Proximal Tubule3 68 0.018 51.00 51.30 34.00 34.60 17.00 17.89 8.50 9.54 

Loop of HenleD 43 0.038 32.25 32.66 21.50 22.33 10.75 11.99 5.38 6.82 

Loop of HenleA 24 0.098 18.00 18.59 12.00 13.17 6.00 7.76 3.00 5.05 

Distal Tubule 24 0.098 18.00 18.59 12.00 13.17 6.00 7.76 3.00 5.05 

Collecting Duct1 11 0.26 8.25 8.97 5.50 6.93 2.75 4.90 1.38 3.88 

Collecting Duct2 9 0.31 6.75 7.45 4.50 5.90 2.25 4.36 1.13 3.58 

Collecting Duct3 7 0.37 5.25 5.90 3.50 4.81 1.75 3.71 0.88 3.16 

Collecting Duct4 5 0.44 3.75 4.30 2.50 3.61 1.25 2.91 0.63 2.56 

Collecting Duct5 3 0.51 2.25 2.63 1.50 2.27 0.75 1.90 0.38 1.72 

Bladder (Urine) 1 0.56 0.75 0.89 0.50 0.78 0.25 0.67 0.13 0.62 

 

 

 
 

  



Table S2. Summary of the physicochemical and pharmacokinetic properties for the 20 test compounds used for adaptive model verification and 

comparison of the simulated and observed renal clearances for all test compounds used for model verification (Figures 3, 4, 5, and 6). 
 

Drug 
pKa 

(acid)a 

pKa 

(base)a 
fu,p 

Permeability 

(10-6 cm/s) 

Observed Mean 

CLr 

in Healthy 
(mL/min) 

Simulated Mean 

CLr 

in Healthy 
(mL/min) 

Sim/Obs Ratio of 
CLr 

in Healthy 

Observed Mean 

CLr 

in CKD4/5 
(mL/min) 

Simulated Mean 

CLr 

in CKD4/5 
(mL/min) 

Sim/Obs Ratio of 
CLr 

in CKD4/5 

Parent-Metabolite Test Compounds in Figure 3 

Rotigotine - 10.97 0.113 19.54 3.73 4.8 1.30 1.83 1.9 1.03 

Acetaminophen - - 0.85 356 137 15 1.15 7.17 5.5 0.78 

Lamotrigine - 5.87 0.445 886 3.48 3.1 0.92 1.98 2.1 1.13 

Rotigotine Glucuronide - - 1b 0.1b 1103 119 1.08 273 22 0.82 

Acetaminophen Glucuronide - - 1b 0.1b 1087 119 1.10 177 15 0.88 

Lamotrigine Glucuronide - - 1b 0.1b 1148 119 1.04 138 18 1.37 

Nonpermeable Test Compounds in Figure 4 

Melagatran 3.2 11.5 0.939 0.1459 9410 110 1.17 1210 12 0.97 

Sotalol - 9.43 0.8311 0.2612 10713 99 0.92 1913 16 0.81 

Gabapentin 4.63 9.91 0.979 0.679 9914 110 1.12 1214 16 1.30 

Nadolol - 9.76 0.811 1.46 8215 94 1.15 8.016 8.0 1.00 

Ribavirin - - 19 1.559 10717 106 0.99 1017 18 1.76 

Doxycycline 3.27 8.33 0.111 1.818 1519 10 0.71 2.019 2.0 0.98 

Permeable Test Compounds in Figure 5 

Pefloxacin 5.66 6.47 0.759 63.79 7.520 6.4 0.86 2.921 3.1 1.05 

Metronidazole - - 0.8922 64.79 6.823 7.3 1.08 2.623 4.4 1.73 

Minocycline 2.9 7.9 0.2424 7625 1.526 1.1 0.70 0.9826 0.85 0.87 

Digitoxin 7.18 - 0.0527 30c 0.8527 1.2 1.37 0.6227 0.38 0.62 

Cicletanine - - 0.0728 95c 0.4228 0.36 0.86 0.1928 0.29 1.52 

Pirfenidone - - 0.4229 120c 1.729 1.7 0.99 0.9629 1.5 1.53 

Secreted Test Compounds in Figure 6 

Para-aminohippuric Acid (PAH) 3.83 4.24 1 0.7230 59931 500 0.84 7632 86 1.12 

Memantine - 10.7 0.5533 2534 7035 77 1.10 1635 17 1.10 

 

apKa values are obtained from https://www.drugbank.ca/ 
bexperimentally determined metabolite data are not available, therefore these values are assumed based on physicochemical properties.  
cexperimentally determined data are not available, therefore permeability values were optimized using previously published and verified mechanistic kidney model with reported 

fu,p and observed CLr in healthy subjects. 
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Figure S1. Linear plot of simulated versus observed renal clearance throughout CKD stages for all test drugs 

used for model verification.  

 

 



 

Figure S2. Sensitivity analyses of simulated renal clearance (CLr in mL/min) at multiple stages of chronic 

kidney disease (CKD) reflected by varying glomerular filtration rates (GFR in mL/min) using adaptive model 

(shown in yellow-red) and proportional model (shown in blue-green). Left three panels (a,c,e) show the 

sensitivity analyses of simulated CLr of neutral unbound permeable drugs (fu,p = 1, Papp = 30×10-6 cm/s) with a 

constant unbound intrinsic apical efflux transport clearance (CLefflux = 150 mL/min) and different unbound 

intrinsic basolateral uptake transport clearances (CLuptake = 10-3000 mL/min) across a range of GFRs (5-120 

mL/min). Right three panels (b,d,f) show the sensitivity analyses of simulated CLr of neutral unbound 

permeable drugs (fu,p = 1, Papp = 30×10-6 cm/s) with a constant unbound intrinsic basolateral uptake transport 

clearance (CLuptake = 150 mL/min) and different unbound intrinsic apical efflux transport clearances (CLefflux = 

10-3000 mL/min) across a range of GFRs (5-120 mL/min). 

 

 



 

 

 

 

 

 

Figure S3. Simulations of CLr of PAH and memantine using adaptive model (red) and proportional mode (blue) 

at multiple stages of chronic kidney diseases (CKD), and comparison to the observed individual data (PAH) and 

group mean data (memantine) shown in the black symbols. 
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