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a3« which gives a starting stem cell ratio of % = 0.0516. The 6-week old mouse simulations use
a5 initial conditions (Sp, M) = (268.5,4732.5) mm?, giving a stem cell ratio of 2 = 0.0567.
436 To explore aging effects in chemotherapy response, we simulate several treatment regimes
37 delivering 168 mg/kg/week of 5-FU for four weeks: 42 mg/kg (4-on, 3-off), 56 mg/kg (3-
as on, 4-off), 84 mg/kg (2-on, 5-off), 168 mg/kg (1-on, 6-off), 48 mg/kg every other day, and
a0 8 mg/kg 3-times a day. The 24 mg/kg daily and 35 mg/kg (5-on, 2-off) schedules are included
a0 for comparison.

Figure 12: Comparison of chemotherapy effect on lean mass in a young (6 weeks old, solid
lines) and old (2 years old, dashed lines) simulated host. Predicted lean mass response to
treatment (a) and the resulting stem cell ratio (b). Treatment effect on lean mass (c) defined
as the ratio of treated lean mass to initial lean mass. Treatment effect on tumour volume
(d) defined as the ratio of treated tumour volume to initial tumour volume. Therapeutic
efficacy (e) defined as the ratio of the treatment effect on lean mass to the treatment effect
on tumour volume.

an In Figure 12(a) the lean mass is simulated for the young (6 week) and old (2 year) controls.
a2 Whereas the young control is actively growing, the aged control experiences a small decline
a3 in lean mass. The effect of chemotherapy-induced cachexia transiently reduces the lean mass.
asa  Interestingly, the young simulations (solid lines) maintain the approximate mass observed at
s the start of treatment (about 10 g), but since the controls are still growing, this corresponds
as  to a loss of about 1 g or 10% of lean mass. Conversely, the aged simulations (dashed lines)
a7 start at about 11 g and lose mass, due to the chemotherapy, until about 10% mass is lost.
as Both young and old recover after treatment cessation with the aged simulations lagging in
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a9 Trecovery compared to the young. The stem cell ratio is transiently perturbed by treatment,
w0 Figure 12(b), with the aged hosts experiencing an downward drift in stem ratio due to the
a1 assumed decay in viability (p;).

452 The treatment effect on lean mass, Figure 12(c), again shows about a 10% reduction
ss3 In mass by the end of treatment compared to the young or old time-matched controls.
e Treatment effect on the tumour, Figure 12(d), is the same for young and old as no interaction
ass between the host and the growing tumour is assumed in this model. The best treatment
a6 response is achieved by the maximum-tolerated-dose regime of 168 mg/kg delivered once a
a7 week. And finally, the therapeutic efficacy, Figure 12(e), shows the ratio of the treatment’s
w8 effect on lean mass to the treatment’s effect on tumour volume - as measured against their
aso initial conditions. In these simulations, the young and old hosts are predicted to have similar
a0 responses and thus therapeutic efficacies to the tested schedules.
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Figure 13: Treatment efficacy for young (6 weeks, green-purple bars) and old (2
years, red-orange bars) simulated hosts exposed to chemotherapy schedules administering
168 mg/kg/week in 1, 2, 3, or 4 doses per week, as well as a 3-times a day schedule and an
every-other-day schedule. Treatment efficacy is measured against the 24 mg/kg daily regime
and the 35 mg/kg (5-on, 2-off) regime is included for reference. (a) The AUC ratio for lean
mass compares the lean mass response from the tested schedule to that of the 24 mg/kg
daily schedule. (b) The AUC ratio for tumour volume compares tumour volume response
from the tested schedule to that of the 24 mg/kg daily schedule. (c¢) The total therapeutic
efficacy is the ratio of the lean mass AUC ratio to the tumour volume AUC ratio.

461 Figure 13 shows the AUC measures for lean mass and tumour volume response to treat-
w2 ment for the young and aged hosts, as measured against the 24 mg/kg daily treatment
a3 regime. The aged host is predicted to experience slightly less mass loss than the young host,
e Figure 13(a). The tumour response is independent of the host age, and the best treatment
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ass response is achieved by the maximum-tolerated-dose strategy of 168 mg/kg delivered weekly
ass  (1-omn, 6-off), see Figure 13(b). Total therapeutic efficacy, Figure 13(c), again shows the best
a7 treatment responses are those that deliver the most drug in the shortest amount of time,
a8 following the maximum-tolerated-dose strategy. Delivering drug daily, every other day, or
w0 three times a day, all perform comparably. No significant age-related differences are cap-
a0 tured by the AUC measures which integrate the treatment responses over the 28 days of the
ann schedule.

a2 Morphine and Chemotherapy-Induced Cachexia

azz Concomitant use of morphine with 5-FU has been shown to decrease the clearance and
ara elimination rates of the chemotherapy agent in mice [49]. Plasma levels were elevated after
azs morphine administration during 5-FU treatment. In particular, the clearance rate of an
ars intravenus bolus of 100 mg/kg 5-FU was reduced from 54 to 28 ml/min/kg (a reduction of
a7 about 52%) and the elimination half-life was increased from 6.9 to 12.2 min (an increase
ars of about 177%) by prior morphine administration [49]. Continuous infusion of 5-FU after
4o morphine administration was also found to have a 35% reduction in clearance rate. Morphine
a0 tolerance was shown to reduce the effects on 5-FU clearance, as after prolonged exposure,
a1 higher doses of the opiate were needed to obtain the same level of pain management and to
as2  raise the 5-FU plasma levels. Thus it is possible that in treating pain, off-target chemotherapy
a3 effects on muscle may be inadvertently exacerbated, ultimately leading to further increased
asa  pain levels and decreased quality of life.

485 We explore the effects of morphine on our chemotherapy-induced cachexia model by
sss reducing the 5-FU pharmacokinetic transit and clearance parameters (kop, k12, and kio) by
a7 35%. We assume this effect is permanent, and ignore any acclimatization that may occur
ass with prolonged morphine use. The reduction in transit and clearance rates increase the levels
aso of 5-FU in the model compartments, and thus increase the 7-day average exposure function,
a0 see Figure 14.
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Figure 14:  Drug concentration in plasma and tissue model compartments (a) and the
average exposure function with 7 = 8 (b). Solid lines are control (no morphine) and dashed
lines are with morphine where model parameters ko1, k1o, and ko were reduced by 35%.

401 Model simulated lean mass and tumour volume under 5-FU treatments and adjuvant
s> morphine administration are shown in Figure 15. Compared with the control (no morphine),

22


https://doi.org/10.1101/2021.10.01.462698
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.01.462698; this version posted October 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

203 the morphine addition is predicted to cause significant and dangerous lean mass loss for
aa all tested schedules, Figure 15[a]. It also improves tumour control, Figure 15[b]. And as
a5 expected, the schedule that preserves the most lean mass is the metronomic (3 times a day)
a6 schedule, Figure 15[c|, while the best tumour control and thus highest total therapeutic
a7 efficacy is achieved with the maximum-tolerated-dose (168 mg/kg delivered 1 day a week)
as  schedule, Figure 15[d,e].
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Figure 15: Model simulation of various 5-FU dosing schedules with and without adjuvant
morphine administration. Lean mass (a) and tumour volume (b) response to various 5-FU
schedules with (dashed lines) and without (solid lines) morphine. Treatment efficacy without
(green-purple bars) and with (red-orange bars) morphine for chemotherapy schedules admin-
istering 168 mg/kg/week in 1, 2, 3, or 4 doses per week, as well as a 3-times a day schedule,
and an every-other-day schedule. Treatment efficacy is measured against the 24 mg/kg daily
regime, and the 35 mg/kg (5-on, 2-off) regime is included for reference. (a) The AUC ra-
tio for lean mass compares the lean mass response from the tested schedule to that of the
24 mg/kg daily schedule. (b) The AUC ratio for tumour volume compares tumour volume
response from the tested schedule to that of the 24 mg/kg daily schedule. (c) The total
therapeutic efficacy is the ratio of the lean mass AUC ratio to the tumour volume AUC
ratio.

499 These model simulations represent a worst-case scenario, where morphine usage is con-
so0 tinuous and increasing to account for any acclimatization effects. The model predictions,
so0 however, demonstrate that inadvertent interference between pain-management drugs and
s2 chemotherapy regimes may exacerbate both on-target and off-target effects of the drug, and
s03 thus warrant further investigation.
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. D Discussion

s0s oince muscle loss is correlated with poor survival rates, understanding the mechanisms of
sos cachexia, including chemotherapy-induced cachexia, and designing treatments that aim to
sor  preserve muscle mass in addition to tumour control, are of great importance. This work
sos presents a first attempt to mathematically model chemotherapy-induced muscle loss in a
soo manner that captures the nonlinear dose-dependence observed in experimental data [37]. The
s10 model consists of a two-compartment pharmacokinetic system for 5-FU, a two-compartment
s stem-cell lineage system for muscle mass, and a tumour growth equation, all coupled to-
512 gether. The growth equations are assumed to be negatively affected by the chemotherapy
513 concentration in a secondary (muscle tissue or tumour mass) compartment. The stem cell
si4 - and muscle compartments in particular, suffer from reduced successful proliferation via a
515 cubic function of a 7-day average drug exposure which captures the initial delay in mass loss
si6 Oobserved in the dataset.

517 The parameters that couple our model together, 7 and R, were estimated by fitting
sie simulations of all doses to the data for either the daily or 5-day dosing schedules. The
si0 best-fit parameters for all schedules were then chosen as the average of the best fits for
520 the two experimental dosing schedules. A dynamic sensitivity analysis was performed as
s the chemotherapy effect is transitory. The sensitivity results for R4 highlight how the drug
s22 holidays in the (5-on, 2-off) schedule significantly reduce treatment effects on lean mass.

523 With this model we explore various dosing schedules and compare their effectiveness by
s« examining area-under-the-curve based metrics for lean mass and tumour volume response
55 to treatment, and for the total therapeutic efficacy. In general, lean mass is best preserved
s26 by following a metronomic schedule (doses once or more a day) and tumour control is best
s27 achieved by following a maximum tolerated dose schedule (doses once a week).

528 Lastly, we used our model to explore potential confounding effects of aging and morphine
s20 usage. By the end of our simulated treatment, the old and young mice lost approximately
s3 the same amount of lean mass, and experience similar disruptions to their stem cell ratios.
s Simulated morphine usage drastically increased the effects of 5-FU, causing a much more
532 significant lean mass loss along with a much improved tumour control.

533 Together, this work highlights the difficulty in defining an optimal treatment schedule in
53¢ terms of reducing tumour volume while also maintaining lean muscle mass. Across all simu-
s35 lations, the maximum tolerated dose schedule performed best for tumour control and worst
s3 for lean mass preservation. The metronomic schedules (daily or more frequent) performed
537 best for lean mass preservation but worst for tumour control. Thus, defining an optimal
s38  schedule consists of a weighted balance between improved tumour control and preserved
53 lean mass.

540 In mathematical modelling of chemotherapy it is standard to assume, as we do here,
sa1 that cell kill is proportional to the drug concentration. This necessarily means that larger
s2 doses will affect larger cell death. But this type of model cannot explain the reported
sa3 successes of metronomic therapy with their improved toxicities, lower costs, and ease of
saa use [50]. The mechanisms of action of metronomic chemotherapy are thought to include
ses inhibited angiogenesis, modulation of the immune response, and direct affects on tumour
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sas  cells and stromal cells. To account for these mechanisms, a systemic (whole-body) modelling
sz approach is required. Metronomic chemotherapy is promising for personalized treatment
sas  plans, especially in the elderly or those suffering from cachexia, who may not complete the
se0  full course of a maximum tolerated dose regime.

550 The modelling and simulation work presented here is a first attempt to capture the non-
ss1 linear dose-response of skeletal muscle to cancer chemotherapy treatment. One simplification
ss2. made was to neglect immune cells, which play significant roles in advancing cachexia by pro-
553 moting inflammation, and in maintaining muscle homeostasis by regulating cell turnover and
ssa  coordinating repair and remodelling [51]. Such immune cells are sensitive to chemotherapy
ss5  treatment and their loss can exacerbate muscle loss and dysfunction. Consideration of these
sse  important aspects are proposed for future study.

557 Lean mass body composition can be negatively affected by aging or cancer cachexia, and
sss  is related to chemotherapy metabolization and toxicity [52]. Patient-to-patient variations in
sso muscle mass are not accounted for in treatment planning and may contribute to treatment
ss0 outcome variability [53]. Body composition is thus a potential factor to integrate into the
se1  design of patient-specific treatment plans.

562 To the authors knowledge, there are currently no approved therapies for cancer cachexia
s3  Or chemotherapy-induced cachexia even though muscle loss is known to be a significant factor
se4 1N treatment toxicity and patient quality of life. One potential treatment target to reduce the
ses  side-effects of chemotherapy is the gut microbiome. Adjuvant therapy designed to target the
se6 microbiota and dampen the inflammatory cascade instigated by cancer and cancer treatment
ss7 has been proposed [54].

568 Taken together, the immune response, body composition, and microbiome can inform the
seo  whole-body health level of a patient, which can be integrated into patient-specific treatment
s7o planning, including metronomic schedules. These exciting prospects highlight the systemic
s nature of cancer and the multi-faced dysregulation that occurs from both the disease and its
sz treatment. Additionally, they highlight a need for more systemic modelling at the host level
s73 that incorporate such factors as inflammation and the immune response (not just tumour
s7a - cytotoxicity), muscle mass, and gut microbiome, as we move into personalization of treatment
575 planning.
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=~ A Appendix: Julia Code to Simulate Mathematical Model

72z Below is sample code to numerically simulate the described mathematical model with the
8 T-day average exposure function and all referenced model parameters.

729

730 # Load required packages

731 using DifferentialEquations, Plots

732 using QuadGK

733 using ParameterizedFunctions

734

735 # Define function to solve only Chemotherapy PK

736 function Chemo (du,u,p,t)

737 K21,v1,Vv2,K12,K10 = p

738 dull] = K21xV2/V1xu[2] - Kl2xu[l] - K1O0xu[1l]

739 du[2] = K12xV1/V2xu[l] - K21=*u[2]

740 end

741

742 # Define function to build y-tau function given a dose, schedule, and tau value
743 function buildy(d, tau, doseTimes, tspan) # micro-g/kg dose
744

745 K10 = 151.2; #1/days

746 K12 = 5.62 # 1/days

747 K21 = 2.31 # 1/days

748 Vl = 0.71e3 # ml

749 V2 = 0.1e3 # ml

750 p = [K21, V1, V2, K12, K10]

751 u0 = [d/V1; 0.0]

752

753 ChemSys = ODEProblem(Chemo, u0, tspan, p)

754

755 condition(u,t,integrator) = t in doseTimes

756 affect! (integrator) = integrator.u[l] += d/V1

757 cb = DiscreteCallback (condition,affect!)

758

759 Csol = solve (ChemSys, callback=cb, tstops=doseTimes,
760 reltol=1le-6, abstol=le-6);

761

762 function intTimes (t)

763 starttime = max(t-tau,0)

764 [starttime,

765 doseTimes [ (doseTimes .>= starttime) .& (doseTimes .<=t)]..., t]
766 end

767

768 y(t) = quadgk(t -> Csol(t, idxs=2),

769 intTimes(t)...; rtol=le-6, order=7)[1l]/tau
770

771 return Csol, y

772

773 end
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774

775 # Define the model parameters

776 MuscleTumourParameters = NamedTuple{ (:po, :P1, Vo, V1, :dgo, :m,

777 tk_21, :k_12, :k_10, :v_1, :v_2, :u, :p_1,

778 :n, :Kk),NTuple{l5,Float64}}

779 muscleparams = (pp=0.479, p;=0.133, 1¢=0.087, v;=5.591, dp=0.05, m=1000.0,
780 k_21=2.31, k_12=5.62, k_10=151.2, V_1=0.71e3, V_2=0.1le3,
781 p=0.446, p 1 = 116.0, n = 20.0, = 0.13)

782

783

784 mwn

785 Build a Cachexia Muscle and Tumour Model from a set of muscle and tumour
786 parameters and a mean exposure protocol, which is a callable taking 4 real
787 parameters and outputting 1

788 mwn

789 function cachexiamodel (mtp::MuscleTumourParameters, y)

790 pO0, P1, nuO, nul, DO, M, K21, K12, K10, V1, V2, u, p_1, n, K = values (mtp)
791 wnwan

792 define cachexia ODE model to be used in ODEProblem with parameters p
793 to be fit by optimization p = [R_D],

794 u = (stem_volume, muscle_volume, concentration_1, concentration_2,
795 tumour_volume)

796 mwnwn

797 function innercachexiamodel (du, u, p, t)

798 # Stem Cells

799 duf[l] = (1 - (y(t)/pl[1])7°3)*(2+x(PO + P1/(1+uf2]/M))-1)*

800 (nu0 + nul/ (1+u[2]/M))*ull]

801 # Muscle Cells

802 duf[2] = (1 - (y(t)/pl[1l])73)*2x(1-(PO + P1/(1+ul2]/M))) *

803 (nu0 + nul/ (1+uf2]/M))*ull] - DOxu[2]

804 # Concentration C1

805 du[3] = K21xV2/V1xul[4] - K12xu[3] - K10xul[3]

806 # Concentration C2

807 duld4] = K12xV1/V2xu[3] - K21xul4]

808 # Tumour Volume

809 du[5] = p*xul5]*( 1 + (u/p_1xul51)°(n) )" (-1/n) - K*ul[4]*ul5]
810 end

811 return innercachexiamodel

812 end

813

814

815 # Define Parameters and Model Problem

816 £ = 0.002 # g/mm”"3 volume-mass conversion factor

817 Rd = 6.8 # pug/kg/ml fitted parameter value

818 p = [Rd] # parameters to be fit by optimization over all dose curves

819 tau = 8 # number of days to average C2 concentration over

820

821 # Define Initial Conditions

822 # Data from Makino et al, mice 6-wk old male CDF1l ave mass 25g

823 S0 = 267.5 # 6-wk old mice according to stem ratio

824 MO = 4732.5 # 6-wk old mice according to stem ratio

825 Vl = 0.71e3 # ml from Chemotherapy model

826 TO = 10 # mm"3 initial Tumour Volume

827

828 # Define daily standard dose

829 dose = 24e3 # pg/kg

830 dosetimes = [1:1:27;] # Daily schedule dosing on days 0 to 29 (30 days on)
831 # Alternate standard dose

832 #dose = 35e3 # pg/kg

833 #dosetimes = [1:1:4;7:1:11;14:1:18;21:1:25;] # 5-on, 2-off schedule

834

835 u0 = [S0; MO; dose/V1; 0; TO] # initial conditions for model

836 tspan = (0.0, 60.0) # time span to solve model over

837

838 # build y-tau average exposure function
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839 Csol, y = buildy(dose, tau, dosetimes, tspan)

840

841 # Plot chemotherapy dynamics

842 Pl = plot(Csol,vars=(1l),label="C1l", lw=4, plotdensity = 600000)

843 plot! (Csol,vars=(2),label="C2", title ="Drug Concentration", xlabel="",
844 ylabel="ug/kg/ml", lw =4, plotdensity = 600000)

845 # Plot average exposure function

846 P2 = plot(t —> y(t), 0:60, lw = 4, title = "Average Daily Exposure",
847 label="y (t, "*string (tau)*")")

848 1 = @layout [a{0.7w} b]

849 plot (P1, P2; layout = 1, size = (750,200))

850

851 # Simulate Control - no chemotherapy

852 dose = 0.0 # pg/kg

853 u0 = [S0; MO; dose/V1; 0; TO]

854 dosetimes = []

855

856 y = buildy (dose, tau, dosetimes, tspan) [2]

857 DEsys = ODEProblem(cachexiamodel (muscleparams,y), uO, tspan, p)

858 condition(u,t, integrator) = t in dosetimes

859 affect! (integrator) = integrator.u[3] += dose/V1

860 cb = DiscreteCallback (condition,affect!)

861 ctlSoln = solve (DEsys, callback=cb, tstops=dosetimes, reltol=le-6, abstol=le-6);
862

863 # Compute Lean Mass

864 LeanMass = [(t,&*(u[l]+u[2])) for (u,t) in tuples(ctlSoln) ]

865

866 # Plot Lean mass under control situation

867 Pl = plot (LeanMass, label = "Control", color=:black,

868 legend=:outerright, 1lw=4,

869 title = "(a) Lean Mass Under Chemotherapy",

870 ylabel="Lean Mass (g)", xlabel="Time (days)",

871 x1lims=(0,60), ylims = (7,13))

872 # Plot tumour volume under control situation

873 P2 = plot(ctlSoln, vars=(5), lw=4, label="Control", legend=:outerright,
874 color=:black, linestyle = :solid, yaxis=:log, ylims=(0.1, 1led),
875 title=" (ii) Tumour Volume Under Chemotherapy", ylabel="Volume (mm~3)",
876 xlabel="Time (days)")

877

878 # Plot daily standard schedule 24 mg/kg/dose

879 dose = 24e3 # pug/kg

880 u0 = [S0; MO; dose/V1; 0; TO]

881 dosetimes = [1:1:27;] # daily dosing over 28 days including IC

882

883 y = buildy (dose, tau, dosetimes, tspan) [2]

884 DEsys = ODEProblem(cachexiamodel (muscleparams,y), uO, tspan, p)

885 condition (u,t, integrator) = t in dosetimes

886 affect! (integrator) = integrator.u[3] += dose/Vl

887 cb = DiscreteCallback (condition,affect!)

888 soln = solve (DEsys, callback=cb, tstops=dosetimes, reltol=le-6, abstol=le-6);
889

890 # Compute lean mass

891 LeanMass = [(t,&*(ul[l]+uf2])) for (u,t) in tuples(soln)]

892

893 # Plot lean mass under treatment

894 plot! (P1, LeanMass, lw=4, label="24 Daily", color=:blue, linestyle=:dash)
895 # plot tumour volume under treatment

896 plot! (P2, soln, vars=(5), lw=4, label="24 Daily",

897 color=:blue, linestyle=:dash, legend=:false)

898

899 1 = @layout [a{0.6w} b]

889 plot (P1, P2; layout = 1, size = (750,300))
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