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A.  Cell cycle-based model of proliferation – untreated conditions 

The core of the proliferation process in silico is a discrete time- and age-structured model 

relying on straightforward balance equations (1,2), where the time step Δt is small (2h in the 

present study) compared to the time scale of changes in current data. The cell cycle is divided 

into phases (G1, S and G2M), each divided into a suitable number of age-compartments of 

length Δt, compartment “j” collecting cells with “age” (i.e. the time a cell has already spent in that 

phase) between (j-1)∙Δt and j∙Δt. State variables are G1(j,t), S(j,t), G2M(j,t), where G1(j,t) is the 

number of cells in the jth compartment of G1, at time t, and similar definitions hold for S(j,t) and 

G2M(j,t). The cells in each compartment are a cohort that have the same age (i.e. are at the 

same point of the cycle) at the same time. 

In order to take into account of inter-cell variability of the time spent in a cell cycle phase, we 

introduce the probability distributions Fph(j), defined as the probability that a cell completes a 

phase “ph” (G1, S or G2M) at the age of compartment j. For calculus purposes, each Fph is 

discretized, truncated at an age jph∙Δt equal to the average duration plus six standard deviations 

of the phase (thus jph is the last compartment in a phase) and re-normalized. 

In the simulator, a cohort of cells enters the first age compartment in a phase (e.g. G1) at any 

time, then progresses through the subsequent age compartments, losing at each step time a 

fraction of cells completing G1.  At any time, some cells from all age cohorts complete G1, 

collectively forming the pool of cells that exits G1 and enters the first age compartment of S-

phase. The fraction  jph   (exit probability) of cells completing a phase at age j, among the 

cells that reached age j-1 is given by:       
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The dynamics in the absence of quiescence and cell loss is defined by the choice of FG1(j), FS(j) 

and FG2M(j), for which we adopted a two-parameter distribution (reciprocal-normal, see (3) for 

discussion of this point), defined by the average (  G1,   S,   G2M ) and the standard deviations or 

the coefficient of variation  ( CVG1, CVS, CVG2M ) of the phase durations. We adopted a further 

simplified model, assuming equal CV in all phases. Then quiescent cells are localized in a 
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single distinct “G0” compartment, and the number of quiescent cells G0(t) added to the list of 

the state variables. The probability that a newborn cell will eventually become quiescent is 

represented by pQ. pQ is expected to increase when tumor microenvironment becomes less 

favorable to cell cycle. Cell death among quiescent cells due to spontaneous death processes is 

included in the model by parameter μ. We neglected cell death among cycling cells, assuming 

that untreated cells stop cycling before dying. For the sake of generality, the equations below 

include a parameter γ, representing the rate of re-entry in cycle from G0 to G1, which was set at 

zero in the present work. Thus proliferation without treatment was completely determined by 

  G1,   S,   G2M, CV (from which βG1, βS and βG2M were calculated) plus pQ and μ, with the 

following balance equations: 
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 The total number of quiescent (Q) and cycling (P) cells, the growth fraction (GF) and the total 

number of cells (N) are then: 

Q(t) = G0(t) 
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P(t) = G1(t) + S(t) + G2M(t) 

N(t) = Q(t) + P(t) 
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GF(t) = P(t) /  N(t) 

 

Simulation starts at a laboratory time (t=0 ), corresponding to the start of a treatment in the 

experimental setting, with asynchronous starting age distribution (G0(0), G1(j,0), S(j,0) and 

G2M(j,0) ), calculated by preliminarily running an automatic  desynchronization routine and 

normalized to a given overall number of cells (e.g. N(0) = 1000 cells). 

For simulating BrdU pulse-chase experiments, two identical cycles run in parallel with the same 

parameters, with starting cell distribution in G0, G1 and G2M (BrdU-negative) or in S (BrdU-

positive) (1,4). 

 

The advantages of this approach are the consideration of intercellular heterogeneity, with the 

probability distributions of cell cycle times and a probability parameter for entering quiescence, 

and the possibility of validation with independent flow cytometric or histology data, because cell 

cycle percentages, growth fraction (defined as the percentage of cycling cells) or even the 

results of pulse-chase experiments are directly calculated upon the model’s reconstruction of 

the proliferation time-course. The model is relatively simple, as complex phenomena are 

modeled with a limited set of parameters, but the parameters are still biologically meaningful, 

catching and summarizing the functional activity of the main components of the proliferation 

process (cell cycle, quiescence-cycling interplay and cell loss). More detailed models would 

require additional parameters, which could not be confidently estimated with current 

experimental methods. Steady exponential growth comes automatically from the model, with a 

choice of parameter values, corresponding to the periods of exponential growth experimentally 

observed as long as environmental conditions remain constant. This steady state of growth is 

also in keeping with mathematical theories of cell populations, demonstrated in broadly general 

conditions (5–7). Shifting these conditions would shift the model parameters, leading to a new 

steady state. For instance it would be easy to describe the approach to confluence with a 

progressive increase of the probability of becoming quiescent (pQ) explaining in a natural way a 
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behavior that is usually fitted with logistic or gompertz ad hoc functions. However, we are mainly 

interested in rendering a response to treatment given before the terminal phase of the tumor, so 

the final departure of the untreated tumor from the exponential phase is not of concern in this 

study. 

 

B. Modeling proliferation during/after treatment 

Once the cell cycle model had been determined for a specific tumor or cell line in untreated 

conditions, treatment was simulated as perturbations of that basal model. 

Our modeling framework program enables the researcher to hypothesize and test various and 

complex effects of treatment, described in detail elsewhere (2,4,8–12), specifying for instance 

distinct delay (Del) and killing rates (DR) in all cell cycle phases. The final model adopted for the 

present study, aimed at fitting the growth curve of the tumor volumes, is simple and uses only 

the four parameters described in the main text, assuming a single Del and DR in all phases, 

thus representing globally cytostatic and cytotoxic effects on cycling cells. Including a distinct 

killing rate for quiescent cells (DRQ) for the sake of generality (DRQ=0 in the present work), the 

dynamics of the basic cell cycle model was modified according to the following equations: 
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In the final model Del was applied for a specified period (72h in the present work) after each 

drug dose, then declined with a steep sigmoid function and DR was applied, in only one step 

time, separating cells destined to be killed by that dose (a fraction DR of cycling and DRQ of 

quiescent cells) from cells that will survive it. “Killed” cells were not immediately removed from 

the tumor, but were lost when they had completed a three-stage dying process with a single 

stage rate “k”. This method for reproducing the (slow) process of disruption/elimination of killed 

cells was previously successfully applied to fit tumor growth curves in preclinical (13) and 

clinical (14,15) settings. For instance, k = 0.6 means 60% of cells in dying stage I move to dying 

stage II in one step time, 60% stage II move to stage III and 60% stage III are definitely lost. For 

a specified value of k, we estimated how long the dying process takes on average (Lag(k) ), in 

days, by the formula: 

Lag(k) = (3 ∙Δt / k ) / 24.  

The following equations hold for the numbers of cells in the three stages of dying (Nd1, Nd2, Nd3,): 

Nd1(t) = (1-k) ∙ Nd1(t-Δt) + DR ∙ P(t-Δt) + DRQ ∙ Q(t-Δt) 

Nd2(t) = (1-k) ∙ Nd2(t-Δt) +  k ∙ Nd1(t-Δt) 

Nd3(t) = (1-k) ∙ Nd3(t-Δt) +  k ∙ Nd2(t-Δt) 

 

The overall number of cells, proportional to the tumor mass, is given by 

N(t) = Q(t) + P(t) + Nd1(t) +Nd2(t)+ Nd3(t) 

While surviving cells (S), excluding cells dead or committed to die, are: 

S(t) = Q(t) + P(t) 

 

A drug scheduling table was provided as input, specifying the times of drug doses, and 

determining the time-dependence of Del and DR. pQ(t) was associated with the whole 
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treatment course, varying from the pre-treatment (pQctrl) to the post-treatment value (pQtr) on a 

specified period (typically one week after the end of treatment) with a steep sigmoid function. 

 

C. Optimization and software 

The extensively tested (1–3,10,11,16) cell cycle simulator is the core of the computer program 

used in the present study, written in Matlab  (R2012a, Mathworks) with a Microsoft Excel user 

interface, enabling to specify drug scheduling, parameter values and to build a model with a 

variety of options, at different levels of complexity.  Simulation of a treatment gives as output the 

growth curve N(t), with the associated S(t) and optionally other details of the proliferation 

process, like the growth fraction and cell cycle percentages. N(t) was normalized to the N(0) 

value and compared the experimental growth curve of the tumor volume relative to V(0). Fittings 

were made by minimizing the sum of square errors (SSE) of the logarithm of the relative growth 

curves, using the Matlab fmincon routine for constrained nonlinear fitting. The fitting was 

repeated at least 50 times with random initial values of the four parameters (Multistart option) 

within their physical ranges: 0.25 < pQ <0.55 (i.e. from the untreated model value to a value 

slightly higher than 0.5, corresponding to zero regrowth rate), 0 < Del <1, 0 < DR <1, 0.01 < k 

<0.05 (corresponding to 5-25 days Lag(k) interval). In the reqrowing tumors the fittings 

converged to the same solution independently on the starting position. Typical uncertainty for 

the best fit estimates of the four parameters, evaluated by likelihood-based 95% confidence 

intervals (17), were: k: 0.003, Del: 0.15, DR: 0.015, pQ 0.005, well lower than the biological 

variation between replicated tumors. 

A variation of the model was adopted for the “cured” mice, where tumor size fell below the 

detection limit in 2-3 weeks and only scar tissue was detected at the necropsy at the end of the 

observation time (day 180). Due to the absence of detectable regrowth, the growth curve did not 

convey the information on pQtr, and a three-parameters ( k, DR. Del) model was adopted, fitting 

the time-course until tumors could be confidently measured. Additionally, the DR range was 

limited to achieve a conservative estimate, between a minimum that allows the presence of a 
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residual not regrowing tumor cell population of 1mm3, and a maximum that leaves 0.01% 

percent of cell survival. 

With these assumptions the fitting with the three-parameter model with 50 random starting 

points led to a univocal solution, with uncertainty of k and Del as for the four-parameters models 

of regrowing tumors, but lower sensitivity for DR, with 0.15 uncertainty. 

Software is freely available on request from the corresponding author, for non-commercial uses. 
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Supplementary Figure S1. 

Consistency of the MNHOC18 basal proliferation model with the measures of a BrdU 

pulse chase experiment 

 

Supplementary Figure S1. Consistency of the MNHOC18 basal proliferation model with the 

measures of a previously reported BrdU pulse chase experiment (18). 

BrdU was injected into the peritoneal cavity of the mice.  The cells in S phase at the time of 

BrdU exposure therefore became BrdU-labeled ( BrdU+). At the subsequent times, these cells or 

their descendants remained BrdU+ and were definitely distinguishable from cells in G2M and G1 

phases at the initial time ( BrdU-unlabeled cell,  BrdU−). Three mice were killed at 0.5, 2, 4, 8, 

14, 20 h after BrdU injection, tumors were collected and minced, and the cells were suspended 

and fixed in 70% ethanol. Fixed cells were prepared for DNA-BrdU flow cytometric analysis as 

previously described (10). The results of a flow cytometric DNA–BrdU measure is a cytogram 

similar to those shown in panels a. The biparametric DNA– BrdU histograms were analyzed 

using dedicated software (Cell Quest, Becton Dickinson) providing the percentages - within the 

tumor cell population -  of cells in user-selected regions of interest: BrdU+ (BrdU-labeled cells, 

green bordered area), labeled undivided, G1
- (BrdU-unlabeled in G1 phase, blue),  G2M

- (BrdU-

unlabeled in G2M phase), LU+ (undivided BrdU-labeled, orange). Residual undivided BrdU-

labeled cells (Res+) were calculated with the formula: 

%Res+ = 100 x %LU+ / (%LU+ + ( % BrdU+ - %LU+) / 2 ) 

Panels b report the time courses of %BrdU+, %LU+, %Res+, %G1
- and %G2M

- (dots) with the 

predictions of the basic MNHOC18 model (continuous line). 
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Supplementary Figure S2. 

Simulations of three PTX administrations with different intervals 

 

Supplementary Figure S2. Simulations of three PTX administrations with 2 (blue), 6 (red) and 

10 (green) days intervals, each dose acting as in the PTX conventional scheme (Del 0.49, DR 

0.59, Lag(k) 8.0, pQ 0.43) and enabling regrowth.  Regrowth between drug administration was 

high with the 10-days interval and absent in the two-days interval, thanks also to the cytostatic 

effect. A lower nadir with fewer surviving cells is reached with the shorter interval. However 

eventually the tumor growth curves almost overlapped, the longer duration of treatment in the 

10-day scheme compensating the almost full regrowth after each dose. 
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Supplementary Figure S3. 

Comparison of the tumor growth curves of single-drug PTX and two-drugs DDP/PTX 

treatments with the expected curve for the DDP/PTX combination 

 

 

 

Supplementary Figure S3. Comparison of the tumor growth curves of single-drug PTX (blue) 

and two-drugs DDP/PTX (green) treatments with the expected curve for the DDP/PTX 

combination (red), simulated assuming independent cell killing of DDP and PTX.  

Blue and green lines (shown separately in Fig. 6) are obtained with the average of the best fit 

parameters values measured in the respective experimental groups. The overlay shows that the 

activity of the double (green) treatment was superior to the singles PTX (blue) and DDP (Fig. 6) 

treatments in all schemes but it was lower than expected in the conventional (left panel) and 

dose-dense-equi (middle panels) groups and similar to the expectation in the dose-dense-high 

(right panel) group.  he “expected” red line derives from the application of the cell kill of both 

DDP and PTX (i.e. the average DR measured in the respective experimental single-drug 

treatments), conservatively neglecting any additional contribution of DDP to Del and pQ values 

measured with the single PTX. The expected combined cytotoxic effect is equivalent to an 

assumption of the Bliss independence criterion (19) with the fraction of cells surviving the 

combined treatment equal to the product of the fractions of cells surviving DDP and PTX single 

treatments. 

 


