
SUPPLEMENTARY TABLES 

SI Table S1. Treatment parameters for the antagonistic, additive, and synergistic combinations 

displayed in Fig. 6. 

  Antagonistic Additive Synergistic 

Constant-Dose Method    

 ED50,1 = ED50,2 10 10 10 

 𝑑1 = 𝑑2 10 10 10 

 𝛼 -0.48 0 0.48 

Constant-Efficacy Method    

 ED50,1 = ED50,2 10 10 10 

 𝑑1 = 𝑑2 16.67 10 8.33 

 𝛼 -0.48 0 0.48 

  



SUPPLEMENTARY FIGURES 

 

SI Fig S1. The trends of 𝑻𝑹𝑹 and 𝑻𝒍𝒆𝒕𝒉𝒂𝒍 according to the Constant-Dose and the Constant-

Efficacy Methods, if drug effect is exclusively anti-proliferative or exclusively pro-

apoptotic. (A) When drug effects are defined to be exclusively anti-proliferative, then longer 

𝑇𝑅𝑅 and 𝑇𝑙𝑒𝑡ℎ𝑎𝑙 are achieved by synergism under the Constant-Dose Method and by antagonism 

under the Constant-Efficacy Method. (Parameter values: the same as in Fig. 2, except 𝑃𝑃𝑐 = 1, 

𝑎𝑐 = 0, 𝑎𝑏 = 0.27.) (B) The same trends are observed when drug effects are defined to be 

exclusively pro-apoptotic (Parameter values: the same as in Fig. 2, except 𝑃𝑃𝑐 = 0, 𝑎𝑐 = 1, 𝑎𝑏 

= 0.1). Each plot represents an average of 10,000 random simulations. 

  



 

SI Fig. S2. Changes in key parameters between the Constant-Dose Method and the 

Constant-Efficacy Method. A spectrum of antagonistic and synergistic combinations is 

displayed along the x-axis by 𝛼, where 𝛼 = 0 indicates perfect additivity, 𝛼 < 0 indicates 

antagonism, and 𝛼 > 0 indicates synergism. (A) The normalized drug effect (𝐸𝑖) for the SS 

(indigo), SR (red), RS (magenta, eclipsed by red), and RR (cyan) subpopulations, computed 

from 𝛼, according to the Constant-Dose Method. The Constant-Dose Method compares 

treatments by maintaining the same combination of effective doses (EDX). Here, we deliver all 

drugs at EDX = 11. Under these constraints, varying 𝛼 causes a significant change in 𝐸𝑆𝑆, but 

only slight change in 𝐸𝑅𝑆, 𝐸𝑆𝑅, and 𝐸𝑅𝑅. (B) The normalized drug effect (𝐸𝑖) for the 4 

subpopulations, computed according to the Constant-Efficacy Method. Under the Constant-

Efficacy Method, combination therapies are administered at dose combinations that achieve 

the same effect on sensitive (SS) cells. While 𝐸𝑆𝑆 is constant by definition, varying 𝛼 causes a 

significant change in 𝐸𝑅𝑆 and 𝐸𝑆𝑅, and a non-meaningful change in 𝐸𝑅𝑅. (C) The administered 

EDX for each combination therapy, calculated using the Constant-Efficacy Method with 𝐸𝑆𝑆 

fixed at 0.69. We further constrained the calculations to allow drug 1 and drug 2 to be 

administered symmetrically (i.e., at the same EDX). For all calculations, the Greco model 

parameters are ED50,1 = 10, ED50,2 = 10, 𝑚1 = 𝑚2 = 1, and resistance is simulated using a 

90% reduction in drug sensitivity (i.e., by using only 10% of the delivered dose). 

  



 

SI Fig. S3. The relative advantages of synergism and antagonism are consistent across 

simulations with random numbers of pre-existing singly-resistant cells. Stochastic 

simulations (10,000 experiments for each scenario) of cancer populations with random 

numbers of pre-existing singly-resistant (RS and SR) cells at the start of treatment. In both 

subfigures, the numbers of RS and SR cells are determined by randomly generating the 

exponents shown in the legends. (A) When RS and SR cells are present in different amounts at 

the start of treatment, synergism consistently gives longer 𝑇𝑙𝑒𝑡ℎ𝑎𝑙 and 𝑇𝑅𝑅 under the Constant-

Dose Method, while (B) antagonism gives longer 𝑇𝑙𝑒𝑡ℎ𝑎𝑙 and 𝑇𝑅𝑅 under the Constant-Efficacy 

Method. In both methods, compared to the population with zero pre-existing single-resistance 

(black lines), 𝑇𝑙𝑒𝑡ℎ𝑎𝑙 and 𝑇𝑅𝑅 decrease as the amount of pre-existing single-resistance increases. 

(Parameters: the same as in Fig. 2, except for the initial number of singly-resistant RS and SR 

cells.) 

  



 

SI Fig. S4. A hybrid of Constant-Dose Method and Constant-Efficacy Method, analogous 

to Fig. 5. Scatter plot of antagonistic versus synergistic therapies, where dosing was varied 

according to a hybrid of Constant-Dose and Constant-Efficacy Methods. According to this 

hybrid scenario, cancers comprised of sensitive cells (left side of the evolution plot) would 

respond more favorably (with lower fitness) under a synergistic combination treatment, and 

cancers with partial resistance (middle of the evolution plot) would respond more favorably 

under an antagonistic combination therapy. We speculate that practical dosing will lie between 

the extremes of Constant-Dose and Constant-Efficacy dosing.  



 

SI Fig. S5. The relative advantages of synergism and antagonism are consistent across a 

range of alteration rates, but all strategies deteriorate in the presence of fast alteration. 

We define (𝑇𝑅𝑅)strategy to be the number of generations until double-resistance arises under a 

given strategy (synergistic, additive, or antagonistic).  We define ∆𝑇𝑅𝑅 (left axis) to be the 

difference (𝑇𝑅𝑅)syn − (𝑇𝑅𝑅)ant. At lower rates of phenotype alteration, the time until doubly-

resistant RR cells emerge is longer for synergism than antagonism (i.e., ∆𝑇𝑅𝑅 > 0) in the 

Constant-Dose Method, while the opposite is true in the Constant-Efficacy Method (i.e., 

∆𝑇𝑅𝑅 < 0). The relative differences (green and brown curves, plotted on the left axis) are 

juxtaposed with the absolute magnitude of (𝑇𝑅𝑅)add (cyan curve, right axis) to illustrate scale. 

For very low rates of alteration, there is an asymmetry in the magnitude of the relative benefits 

of synergism and antagonism, where the relative benefits of antagonism (e.g., Constant-

Efficacy Method) are much larger than the relative benefits of synergism (e.g., Constant-Dose 

Method). For very high rates of alteration, relapse is fast ((𝑇𝑅𝑅)add is very small), and the 

difference in 𝑇𝑅𝑅 falls to zero. Each curve represents an average of 10,000 random simulations. 

(Parameters: the same as in Fig. 2, except that the doses applied in each method are calculated 

with reference to the doses and the efficacy of the additive control, EDX,1 = EDX,2 = 10. For 

both the Constant-Dose and the Constant-Efficacy simulations, 𝛼syn = 0.3 and 𝛼ant = −0.3.) 

  



 

SI Fig. S6. Giving fitness penalties to drug-resistance magnifies the relative benefits of 

synergism and antagonism.  To study the impact of a fitness advantage (or penalty) associated 

with drug-resistance, we introduce a variable x percent scale-up of the basal proliferation rate 

for single-drug resistance. x < 0 means that drug-resistance carries a fitness penalty; x > 0 

means that drug-resistance carries a fitness advantage; x = 0 is our default setting in all other 

simulations, with neither penalty nor advantage. The y-axis shows the normalized impact of a 

fitness penalty (or fitness advantage) as it affects the relative merits of synergism versus 

antagonism. Similar to SI Fig. S5, we define ∆𝑇𝑅𝑅,𝑥 to be the difference between (𝑇𝑅𝑅,𝑥)
syn

 

and (𝑇𝑅𝑅,𝑥)
ant

, in simulations with x% fitness advantage or penalty. We define ∆𝑇𝑅𝑅,𝑥 =

(𝑇𝑅𝑅,𝑥)
syn

− (𝑇𝑅𝑅,𝑥)
ant

, and calculate the y-axis to be the ratio of ∆𝑇𝑅𝑅,𝑥 over ∆𝑇𝑅𝑅,0, meaning 

the relative impact of fitness penalty (or advantage) on the favorability of synergism versus 

antagonism. Results show that for if drug-resistance incurs a fitness penalty (x < 0), this 

magnifies the difference between synergism and antagonism. In other words, it increases the 

benefits of synergism under the Constant-Dose Method, and it increases the benefits of 

antagonism under the Constant-Efficacy Method. If drug-resistance is accompanied by a fitness 

advantage (x > 0), then the relative merits of synergism or antagonism decline. This trend is 

not surprising, because the fitness penalty (or advantage) will affect the overall speed of 

resistance (e.g., the magnitude of (𝑇𝑅𝑅)add), and the ratio 
∆𝑇𝑅𝑅,𝑥

∆𝑇𝑅𝑅,0
⁄  is affected by the 

magnitude of 𝑇𝑅𝑅. However, this ratio is not a simple mirror of 𝑇𝑅𝑅. Note the minor asymmetry 

between the Constant-Dose and Constant-Efficacy curves. Compare this with the asymmetric 

benefits of synergism and antagonism shown in SI Fig. S5.  Each curve represents an average 

of 20,000 experiments. (Parameters: the same as in Fig. 2, except that the doses applied in each 

method are calculated with reference to the doses and the efficacy of the additive control, 

EDX,1 = EDX,2 = 10. For both the Constant-Dose and the Constant-Efficacy simulations, 

𝛼syn = 0.15 and 𝛼ant = −0.15.)  

  



 

SI Fig. S7. Simulations of the 4-state system, if a direct leap from sensitive (SS) to doubly-

resistant (RR) phenotype is permitted. (A) We constructed a variant model allowing cells to 

develop double-resistance with a single alteration—a direct leap from SS to RR in the transition 

diagram. Our original model assumed that the development of double-resistance would require 

two independent steps. In other words, we had assumed that the mechanisms of resistance 

would be independent. However, if two drugs target the same pathway, or if two drugs can be 

evaded by the same mechanism of resistance, then developing resistance to one is not 

independent of resistance to the other. (B) Simulations of the state-transition system in frame 

A, plotted as cell numbers over time. In this case, the tumor population will relapse without 

any bottle-neck at the singly-resistant subpopulations.  


