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The interdisciplinary field of systems medicine fills a gap in clinical translation with com-

putational models to help inform decisions made by physicians. This approach takes advan-

tage of modern computational methods to examine interactions between components within

the models to predict the cause-and-effect relationship between systems and potential treat-

ment strategies. These mathematical models typically incorporate various pharmacokinetic

and pharmacodynamic models to help personalize medicine to individual patients, rather

than a ‘one-size-fits-all’ mentality. The research herein focuses on improving chemotherapy

treatment as well as the prediction of coagulopathies in trauma patients.

The general use of mathematical models for cancer chemotherapy treatment has focused

primarily on tumor kill while using constraints on dose magnitude to explicitly mitigate tox-

icity. By incorporating pharmacodynamic toxicity models in this work into chemotherapy

treatment schedule design, the physician is able to specify toxicity explicitly. The phar-

macokinetic model of drug distribution throughout the body and pharmacodynamic mod-

els of both the antitumor efficacy and drug toxicity are incorporated into optimization of

dose scheduling. The performance results of an optimal schedule under clinical constraints

are clinically indiscernible from the mathematically-optimal solutionUsing nonlinear least

squares and clinical measurements, actual patient toxicity/tumor sensitivities can be calcu-

lated and the optimal schedule updated. In a clinical setting this algorithm would enable the

clinician to prioritize patient quality-of-life through the minimization of individual toxicity

while maximizing tumor eradication.

Predicting trauma patient coagulopathies presents a challenge to clinicians; the patient

may experience excessive or insufficient clotting and it is imperative that the correct inter-

vention be given as soon as possible. By implementing models of the coagulation cascade

with clinical assays such as the thromboelastogram (TEG), it is possible to determine sub-
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populations of patients with different coagulopathies, therefore allowing the clinician to make

more informed decisions much faster than using the TEG tracing alone. By decreasing the

time required to identify abnormal lysis by approximately one-half, the risk of mortality and

permanent damage for the patients could be decreased significantly.
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1.0 Model Based Control in a Clinical Setting

Model based control has been implemented and theorized for many applications includ-

ing disease transmission, weight control, diabetes management, and treatment improvement.

Through the combination of mathematical models of complex biological processes and model-

based frameworks, it is possible to optimize and predict treatments based on actual patient

inputs [20, 33, 66, 26, 46]. In the more than 40 years since this method has been proposed for

use in medicine, the models developed are significantly more accurate and the computational

efficiency required to implement them has drastically improved, thanks to the increase in

available data and ever-evolving computational systems [64]. This led to the implementa-

tion of more complex models that not only more accurately represent the actual process,

but also increase the precision and usability of the models. In order to be implemented in

a clinical setting, the model-based control must be computationally efficient as to expedite

results in time-sensitive scenarios and provide clinicians with inputs and outputs that are

easily understood, to avoid false results and interpretations. The work herein presents the

use of model-based control for use in two different situations: cancer chemotherapy treat-

ment optimization and coagulopathy prediction (specifically abnormal lysis rate) in trauma

patients.

1.1 Cancer Chemotherapy Treatment

Cancer is a disease that is characterized by the uncontrolled growth and spread of ma-

lignant cells; more than 1.9 million new cases and 609,000 deaths are expected in 2022 as a

direct result of this disease [58]. The cause of death in cancer is either growth of the primary

tumor or metastasis, which is the translocation of cancer cells to a different area of the body

away from the primary tumor; unfortunately, the exact mechanism behind this process is

still unidentified [22]. Depending on the type and location of the primary tumor, the treat-

ment strategies vary. If possible, the tumor will be surgically removed, but if the location is

1



inoperable (e.g. the brain) or the loss of organ function unsustainable (e.g. the pancreas),

surgical excision is not possible. For non-localized cancers such as leukemia, surgery is im-

possible. Treatment options in these cases can include radiotherapy, where the patient is

given localized high doses of radiation to kill tumor cells and shrink the tumor, and biologic

treatments such as immunotherapy which helps the patient’s immune system fight the can-

cer. However, metastases undetectable through imagine are likely to be present once the

primary tumor is detected, which then requires systemic treatment such as chemotherapy.

One of the primary chemotherapeutic agents that is used in both single- and multi-agent

cancer treatment is docetaxel [61, 47]. Chemotherapy agents work by targeting rapidly

dividing cells, such as cancer cells; the selectivity of chemotherapeutics toward cancer cells

is always desired, but not always achieved, which can lead to patient toxicities. A common

chemotherapy treatment toxicity is depletion of white blood cells. This creates a dichotomy

for clinicians in balancing maximal elimination of diseased cells, while at the same time

minimizing the toxic side-effects of chemotherapy when selecting a dose schedule (defined by

dose magnitude and frequency) that considers these two competing sides. Currently, these

clinical schedules are guided by empirical evidence from preclinical trials and then refined

through clinical testing. Model-based optimization methods provide insight to this treatment

balancing-act though the use of mathematical models.

The work herein is composed of three primary components: pharmacokinetic (PK) mod-

els, pharmacodynamic (PD) models, and treatment algorithms. These three components

work in tandem to help determine the optimal dosing schedule. PK models are used to de-

scribe the drug distribution and concentrations throughout the body, while PD models use

these informed concentrations to represent the subsequent effects of the drug concentrations.

The treatment algorithms are used to standardize the selection of patient care.

PK models are composed of theoretical or physiological compartments, in which the

drug concentration cascades through the different compartments of the body [13, 35]. The

primary types of these models are noncompartmental, where there is basically a ‘black-box’

in which the drug enters and is cleared; compartmental, with the number of compartments

ranging from one to many; and physiological, in which the compartments are representative

of actual parts of the body. A one-compartment model implies that the drug enters from

2



outside the body to the central compartment, where it then leaves this central compartment

(i.e. the body) and drug recirculation does not occur once it leaves the body. A multi-

compartment model also assumes the drug enters the central compartment from outside the

body, where it then leaves this compartment by either leaving the body, or traveling to the

next compartment; this can continue for the number of compartments that are implemented.

Once the drug enters these peripheral compartments it can travel back to the primary com-

partment where the drug originated, but once it leaves the body it does not recirculate.

Physiologically-based (PB) multicompartment PK models are becoming more preferred over

one-compartment modes for their reliability and usefulness following the advent of increasing

computing power [67, 4].

After the concentration of drug is determined through the use of PK models, PD models

are used to quantify the drug’s therapeutic and/or toxic effect on different parts of the body

of interest. Like PK models, these are typically compartmental models as well and are

usually one or more of the following types: direct effect, biophase distribution, and indirect

response [69]. The direct effect model first observed by Levy describes the direct effect of the

drug when there is no time delay between plasma concentration and response [38]. However,

there is typically a delay between plasma concentration and response, which requires either a

biophase or indirect response model. The biophase models attribute the time delay between

drug concentration and therapeutic effect to the time it takes for the plasma concentration

of the drug to distribute to the target [54, 12]. Alternatively, indirect response models are

used to describe the delayed response caused by an indirect mechanism, i.e. the drug could

inhibit/stimulate the dissipation/production of drug response which causes the delay [53, 36].

By combining these types of models with treatment algorithms, a clinician is able to make

a more informed decision regarding the best course of care for the patient. These algorithms

come in many forms including computational tools, but one of the most commonly used

is flowcharts. Flowcharts are an easy tool that provide a clinician with guidance on what

steps should be taken based on the patient’s current condition including the timing of events

and can be implemented for a myriad of conditions ranging from hypertension to COVID-

19 treatment [17, 18]. With the increasing computational power that is becoming readily

available more computational treatment algorithms are being used that implement machine
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learning and artificial intelligence, coupled with mathematical models [32].

By targeting tumor growth (and elimination of cancerous cells) and fitting model pa-

rameters to actual patient data, several model-based methods have been implemented to

determine optimal treatment schedules [16, 43]. These optimal control methods focus on

minimizing tumor volume only at a final, fixed time point for treatment by imposing con-

straints on dose magnitude [37, 41, 60]. However, actual patient treatment does not have a

final, fixed time point defined a priori. In practice, near real-time or cycle-wise decisions are

made based on patient response to drug toxicity and efficacy which often change over time,

in a specific patient and across other patients, which leads to the treatment endpoint or

remission not being predictable. For this reason, treatment is given in cycles to let clinicians

evaluate patient response and use feedback to adjust the treatment strategy as necessary.

Here, a model-based framework is developed that would allow clinicians to balance toxic

side-effects with drug efficacy i.e. tumor shrinkage.

In a previous treatment algorithm based on preclinical animal models, the problem was

solved using mixed integer linear programming (MILP) [28, 25]. The work herein employs

physiologically-based nonlinear pharmacokinetic (PK), pharmacodynamic (PD), and toxi-

city models within a receding-horizon based treatment design framework similar to model

predictive control (MPC). The toxicity limits and clinical logistics are implemented explicitly

as constraints. The tumor volume is minimized over the treatment horizon of individual or

multiple treatment cycles in accordance with the aforementioned constraints. Since patient

response in toxicity and efficacy can change over time, and the tumor volume and toxicity

measurements are taken after every other cycle and each cycle, respectively, these are used

to update the patient-specific model as measurements become available. The algorithm pro-

vides a rigorous model-based approach that has the potential to minimize the dichotomy

experienced by clinicians in balancing toxicity and efficacy, ultimately providing improved

patient quality-of-life.
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1.2 Coagulopathy Prediction

For middle aged and younger Americans, trauma is the second leading cause of death.

This creates challenges in a clinical setting, particularly in the case of coagulopathies (a

condition where the blood’s ability to clot is affected, leading to either a hypo- or hyperco-

agulable state) [50]. Since about one-third of all trauma patients experience some type of

clotting disorder, this creates an area of potential improvement in personalized and expedited

intervention strategies [40]. These strategies include targeted fluid resuscitation which would

provide coagulopathic patients with the necessary blood components to restore normal clot-

ting function [19, 21]. Viscoelastic assays, such as the thromboelastogram (TEG), are being

used in clinical settings where the patient may be at risk for coagulopathy. This device works

by adding a small sample of blood (and possibly a reagent such as kaolin during the use of a

rapid TEG to speed up initiation of the clot) to an oscillating stand that simulates sluggish

blood flow and driving thrombus formation, which is measured by the displacement of a tor-

sion pin [24]. There are several extractable parameters from the TEG: R-time (time until clot

activation), activated clotting time (ACT, transformed from R-time), K-time (time until the

TEG reaches 20mm worth of clot strength), α-angle (angle between horizontal and tangent

line to the TEG, which indicates the speed of clot formation), maximum amplitude (MA,

which indicates maximum clot strength), and lysis rate (LY, which indicates the percentage

decrease in clot strength at various time points beyond MA), which is typically measured

30 minutes following MA (LY30). It can be seen in Figure 1 that while parameters such as

R-time, ACT, K-time, and α-angle can be determined shortly after the TEG is initialized,

parameters such as MA and LY30 take significantly longer to determine before the clinician

is able to make an informed decision regarding the clot strength and lysis rate [24]. By using

this assay to inform intervention protocols, not only can coagulopathies be corrected, but

the 28-day survival rate is also improved compared to more conventional coagulation assays

such as prothrombin-time, which typically results in the use of more blood products [19].

Faster point-of-care diagnostics result in faster patient-specific treatment protocols; there-

fore expediting the results and interpretation of the TEG would help improve the outcome

of patients and reduce wasted resources.
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The time for a TEG to reach MA can exceed 20-30 minutes, and LY30 is not measured

until 30 minutes after MA is achieved; this means that from the time the TEG assay is

started the clinician must wait over an hour before the results come back and a decision

regarding treatment can be made. Although assays such as the rapid TEG, which rely on

the addition of kaolin, decrease the time of clot initiation and determination of parameters

such as MA, α-angle, and R-time (ACT), this does not speed up the determination of lysis

rate. Clinically, the most concerning results are low MA (MA < 50mm) and high LY30 (>

3%). High LY30 is characteristic of high fibrinolysis and typically an antifibrinolytic, such as

tranexamic acid (TXA), is given to patients in this case. Since determining LY30 typically

takes at least 40 minutes from TEG initialization, predicting the lysis rate prior to assay

completion would improve the time required before a clinician gives the intervention, in turn

improving patient outcome.

The following chapter will discuss the methods used in determining a clinically-optimal

chemotherapy dosing schedule, the models used in doing so and with the results in Section

2.3. Chapter 3 focuses on determining if a patient is going to experience an abnormal lysis

rate faster than the current standard of care, with the results in Section 3.2. Finally, 4

contains a summary of each of these topics followed by future work that should be explored

in each area.
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Figure 1: TEG tracing (black) with extractable parameters that are used to guide clinical

decisions (red) ,adapted from [48]
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2.0 Cancer Treatment via Clinically-Optimal Dosing Schedule

With the cure for cancer still out of reach, it is important to prioritize improvements in

the quality-of-life for the patients that endure treatments such as chemotherapy. Since there

is a dichotomy between maximizing the tumor cell eradication while minimizing the cytotoxic

effect of the drug, it is important that the patient receive the dose that will produce the best

outcome. By incorporating a decision support system (DSS) into the treatment program,

the disparity of this dichotomy can be decreased1.

2.1 Decision Support System

A decision support system (DSS) is a program that incorporates engineering tools to sup-

port determinations, judgements, and courses of action with the goal of improving clinician

treatment decisions by providing guidance and the underlying reasoning in a user-friendly

design. As seen in Figure 2, patient data and clinical inputs are implemented in the DSS,

where the mathematical model representation of the patient and treatment design algo-

rithm are used to provide guidance on treatment decisions. Through the patient-specific and

patient-tailorable mathematical models, the DSS is able to predict the trajectory of disease

as well as the response to interventions over the user-specified time period.

2.2 Methods

By incorporating logistical and toxicity constraints with PK models of drug distribution

and PD models of drug sensitivity and effectiveness, it is possible to pose the problem in a

model predictive control (MPC) framework to determine a clinically-optimal chemotherapy

1This work has been previously published in [39]
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Figure 2: Decision support system role in systems medicine. Adapted from [28]

dosing schedule. The goal of this algorithm is to minimize the tumor volume while keeping

the patient within the toxicity limits as to maintain a high quality-of-life.

2.2.1 Treatment Design Algorithm

Since the endpoint of treatment is not readily known a priori, using an algorithm such

as simplex or other optimization tools is not clinically-relevant. To overcome this MPC

must be implemented to predict the optimal treatment schedule over the entire horizon.

MPC uses the past behavior of a system over a finite window to predict the future behavior.

These predictions and the current measurements are then used to determine an optimal

control input with respect to the defined objective and constraints. After a predetermined

time interval, the measurement, estimation, and control calculation is repeated with a shifted

horizon [7]. This strategy requires the use of predictive models (composed of the PK and PD

models) and an objective function (minimizing the tumor volume given a set of constraints).

By using an MPC framework, the chemotherapy treatment scheduling problem can be posed
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in the following way:

min
Dd(q)

Nd∑
d=1

(N(d)) + Γu

mq∑
q=1

Dd(q)
2 + ΓcycN(Nd) (2.1)

Subject to:

Drug Pharmacokinetics (2.2)

PD: Tumor Kill (2.3)

PD: Toxicity (2.4)

5∑
k=1

bd(k) ≤ 1∀d ∈ {1, 2, 3} (2.5)

Dmin
d ≤ Dd(q) ≤ Dmax

d (2.6)

mq∑
q=1

≤ Dtotal
d (2.7)

The tumor volume (N(d)) is minimized each week over the number of weeks of the

cycle (Nd); with the problem being solved for one or more multi-week cycles. The dose of

drug (Dd(q), which has a maximum number mq) can be penalized (by the weight of Γu)

which leads to small magnitude doses not being used since they contribute to the toxicity

the patient experiences but have minimal effect on cancer cell eradication. Large doses

however, are able to effectively kill the tumor cells and therefore overcome the penalty. The

end of cycle tumor volume is typically of most concern so a terminal penalty (Γcyc) can

be used to give preferential weighting to this measurement. Equations (2.2)-(2.4) limit the

maximum amount of drug toxicity the patient experiences though the PK drug distribution

equations while also maximizing the number of tumor cells that are eradicated. Details of

the physiological models and constraints incorporated within the algorithm can be found in

sections 2.2.2.1, 2.2.2.2, 2.2.2.3. Equation (2.5) represents the logistical constraint that the

patient must only be dosed with chemotherapy once a week, Monday through Friday, and for
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no more than three weeks consecutively in a given treatment cycle. This limits the number

of times per week a patient will have to visit the hospital to only once, which will benefit

the patient quality-of-life, as well as decreasing clinic and insurer costs and staffing concerns

by only dosing during the work week and workday. The final two constraints, Equations

(2.6) and (2.7) limit the amount of drug than can be given in a single dose and per cycle,

respectively.

2.2.2 Case Study and Models

The PK and PD models focus on docetaxel administration for the treatment of solid-

tumor cancers such as non-small cell lung, head and neck, and androgen-independent (castrate-

resistant) prostate cancers [11]. The most common clinical schedules for this drug are 100

mg
m2 every 21 days, and 35 mg

m2 per week consecutively for three weeks out of four. The key

associated toxicity is neutropenia, or a low absolute neutrophil count (ANC), with toxicity

grades given in Table 1.

Table 1: Toxicity grades and neutrophil counts

Grade Cell Count

0 (Normal) ANC ≥ 2.0 ×106/ mL

1 1.5× 106/ mL ≤ ANC < 2.0× 106/ mL

2 1.0× 106/ mL ≤ ANC < 1.5× 106/ mL

3 0.5× 106/ mL ≤ ANC < 1.0× 106/ mL

4 ANC < 0.5× 109 / L

2.2.2.1 Physiologically-Based Pharmacokinetic Model

The data used to develop the physiologically-based pharmacokinetic (PBPK) model of

drug distribution throughout the body was obtained from a PK case study that administered

docetaxel intravenously (IV) to severe combined immunodeficient (SCID) mice bearing SOV-

3 human ovarian cancer xenografts [59, 68, 16]. A compartmental model of docetaxel PBPK

11



was developed by taking mass balances around all tissues and can be seen in Figure 3.

This model was then scaled to humans by altering the tissue flowrates and volumes [55]

and allowing the ”Other” compartment-intercompartment transfer rates to increase, since

docetaxel is lipophilic and humans have a higher percentage of body fat than mice. All

other rate parameters were held constant. Each tissue compartment, aside from the gut

and bone marrow, are composed of vascular and extravascular compartments, where the

extravascular compartments include a protein-bound docetaxel concentration state. This

was needed because of the lipophilicity and protein binding characteristics of docetaxel,

which is also accounted for in the bloodstream. The metabolism of the drug is modeled by

first-order kinetics within the liver based on the extravascular concentration. The resulting

model is a 35-state linear dynamical model of docetaxel. This model creates challenges when

using optimization, where the model is included in a set of dynamic constraints because of

the number of states and independent parameters. Therefore, this ODE model was reduced

using balanced truncation via the balmr command in MATLAB (©2022, The Mathworks,

Natick, MA). The reduced model has four states, and the outputs are: plasma concentration

to be compared to patient data, tumor concentration to model the drug efficacy on tumor

cell eradication, and bone marrow concentration to determine the drug-induced toxicity to

the neutrophils.

2.2.2.2 Neutrophil Toxicity Pharmacodynamic Model

A mechanism-based neutrophil trafficking model originally developed in [29] is employed

that contains a set of 16 ODEs and 55 parameters. The entire model is able to capture

responses to both chemotherapy and inflammation challenges, but for the purpose of this

work, the inflammation components were removed. Model reduction was performed to reduce

the number of states and to focus the sensitivity of the model on a set of more identifiable

parameters, as the model is not a priori identifiable [28]. The reduced 9-state model shown

in Figure 4 is represented by equations (2.8)-(2.16).

dPr(t)

dt
=

BminkG +BmaxGCSF (t)

kG +GCSF (t)
− ktox

EmaxCBM(t)

EC50 + CBM(t)
Pr(t)− ktrPr(t) (2.8)
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dT1(t)

dt
= ktrPr(t)− ktrT1(t) (2.9)

dT2(t)

dt
= ktrT1(t)− ktrT2(t) (2.10)

dT3(t)

dt
= ktrT2(t)− ktrT3(t) (2.11)

dNc(t)

dt
= ktrT3(t)− kdNc(t) (2.12)

dIL17(t)

dt
=

BGmax ∗ kN
kN +Nc(t)

− kdIL17
IL17(t) (2.13)

dCBM(t)

dt
= −kbmvCBM(t) + kvbmCplasma(t) (2.14)

dGCSFT
(t)

dt
= −kscblGCSFT

(t)− kdGCSFT
GCSFt(t) (2.15)

dGCSF (t)

dt
= kIL17IL17(t)− kdGCSF

GCSF (t) + kscblGCSF (t) (2.16)

The progenitor cell population (Pr(t)) generates cells that mature through a maturation

train (T1(t),T2(t)) to become mature neutrophils (T3(t)) within the bone marrow. The

mature neutrophils then migrate to the vascular space and become circulating neutrophils

(Nc(t)), which are measured as ANC. IL − 17 is produced if the ANC begins to decrease

through a series of cell types and signaling cascade that is not explicitly represented in this

reduced model. In the presence of elevated IL − 17, granulocyte colony-stimulating factor

(G-CSF), which is a powerful simulator of progenitor cell production that also accelerates the

migration of mature neutrophils to circulating neutrophils, is produced. Exogenous G-CSF

administration, often used to rescue neutrophil toxicity, is released into the bloodstream from

a subcutaneous injection site and rapidly equilibrates with the bone marrow. The systemic

nature of chemotherapy kills progenitor cells and also slows the release of mature neutrophils

from the bone marrow, which leads to the toxic side-effects.
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2.2.2.3 Docetaxel Pharmacodynamic Efficacy Model

Solid tumors are typically characterized by exponential growth when they are small, but

growth rate decreases as their size increases. Norton [43] has developed models of varying

complexity that describe this growth of solid tumors such as breast cancer. This growth

pattern is caused by the irregular blood vessel network which not only causes resource limi-

tations, but also challenges in chemotherapy delivery as well. More recent work from Norton

et al. [44] implements a self-seeding hypothesis that follows the same growth trajectory. A

comparison between the different growth models can be seen in Figure 5. Both the Gomperz-

tian and power-law models exhibit exponential growth as the tumor is small, but the growth

rate decreases as the size decreases; the growth rate then approaches zero as it reaches the

carrying-capacity of tumor volume (1L or 1012 cells), generally taken as the patient’s death

[43]. In order to effectively model the chemotherapy effectiveness, it is important that the

model incorporates not only the natural growth and apoptosis, but also the chemotherapy

concentration within the tumor. The power-law model can be seen in Equation (2.17).

dN

dt
= kgrN(t)

a
c − kdieN(t)

b
c − keffN(t)D(t) (2.17)

In this equation, N(t) is the total number of cancer cells, kgr and kdie are the growth

and death rates of the cells, respectively, and a, b, and c are constants. By setting the

values of these constants such that 3 ≥ b ≥ c ≥ a ≥ 2, higher growth rate occurs in areas

with lower fractal dimensions than the region where apoptosis occurs [44]. The tumor kill

efficacy is size-dependent and implemented using a bilinear kill term where D(t) is the drug

concentration within the tumor and keff is the drug effectiveness constant.

2.2.3 Generating the Feasible Set of Solutions

To generate the clinically-optimal chemotherapy dose schedule for implementation in a

GPU for parallel simulation, the feasible set of all possible dosing schedules must first be

populated. This is done so that rather than the algorithm selecting the values to implement

based on previous iterations, the entire set of possible values is predefined for computational

efficiency. These schedules must conform to logistical constraints such as the limit of allow-
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able doses in a cycle, allowable treatment times, and the maximum total dose over the cycle.

The logistical constraints are set such that a patient can only receive a maximum of three

doses during a single cycle and they must be dosed between 8AM and 5PM Monday through

Friday; doses will either be given over one hour or 30 minutes depending on the magnitude

of the dose. The set of feasible solutions are generated by choosing the resolution for the

discretization of time and dose so that all possible combinations of dose magnitude and fre-

quency are populated. The resolutions set the minimum difference in administration time

and dose magnitude between the different dosing schedules. These resolutions result from

clinical experience, such as the typical length of treatment (e.g., one or 30-minute dosing

durations) or the minimum difference between dose magnitudes (e.g., 5 mg). If a coarser

discretization is used, the number of feasible sets will decrease and lead to faster simulation

times. However, the discretization should be clinically-relevant as there is no reason to be

overly precise (e.g., using the nearest second for treatment time and nearest µg for dose

magnitude) since this will not produce clinically-significant variations in results and would

significantly decrease computational efficiency.

The feasible set was generated using a recursive Python function based on timing con-

straints and a second recursive function was used to find all the possible dose regimens within

the maximum number of doses. A dose of zero is allowed so that the optimal solution can

contain fewer doses than the maximum allowable number of doses. The resulting combina-

torial set of feasible administration times and dose magnitudes is then generated and saved

as a matrix in a binary format for use in the GPU simulation step.

2.2.4 Implementing the Feasible Set in GPU Simulation

By implementing C++ in conjuction with VEXCL (https://github.com/ddemidov/

vexcl), the GPU kernel can be compiled via a function. The kernel uses the matrix of all

feasible schedules and, in parallel at each time step, solves the PKPD ODEs that make up

the PK model from Section 2.2.2.1 and the PD Equations (2.8)-(2.17). The ODE solver used

in the GPU kernel is from the Boost odeint library (https://www.boost.org/doc/libs/1_

66_0/libs/numeric/odeint/doc/html/index.html) and employs a Runge-Kutta DOPRI5
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method. By using a larger time step, the speed on the solution will increase, but accuracy

will be lost, and care must be taken to choose a δt that ensures all feasible chemotherapy

administrations fall exactly on a time step. During runtime, after each time step, the GPU

kernel updates the objective function, which for the Docetaxel case study presented herein,

is given by Equation (2.1).

2.2.5 Dose Schedule Design

By using the optimization problem governed by equations (2.1)-(2.6), physicians are able

to add any additional constraints to mitigate toxicity. For this study, which uses docetaxel,

the following constraints are added for each day i:

Nc(i) ≥ 1.0× 106/mL (2.18)

max ([Nc(i), Nc(i+ 1) . . . Nc(i+ 6)]) ≥ 1.5× 106/mL (2.19)

By using these two additional toxicity constraints, no grade 3 ANC toxicity is guaranteed

and any grade 2 toxicity will last no more than 7 consecutive days. Violation of these

constraints are tested for at the end of each GPU simulation. If a particular schedule violates

one of these toxicity constraints, all further simulations using the same schedule and higher

doses are not simulated. Then the schedule is advanced to the next solution in the feasible

set and the simulation continues again. Once the full set of acceptably toxic schedules is

evaluated, the optimal schedule is determined to be the one that ends the cycle with the

lowest objective function value from Equation (2.1).

2.2.6 Updating the Model from Clinical Measurements During Treatment

Since the drugs are administered intravenously, the patient must return to the clinic for

each dose. At the end of each cycle, ANC is measured from a serum sample. The efficacy of

the drug on the tumor is typically determined at the end of every other cycle via magnetic

resonance imaging (MRI), or other imaging methods. Since this model is not specific to

any one patient, the actual patient response may vary from the model predictions. By using
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nonlinear least squares (NLS), two model parameters are updated after patient measurements

become available to reflect actual patient response. The two parameters of interest are drug

sensitivity (ktox from Equation (2.8)) and drug efficacy on the tumor (keff from Equation

(2.17)), which are updated after every cycle and every other cycle of treatment, respectively.

The updated parameters are tabulated using NLS via the following objective function:

min
ktox,keff

(ANCmeas −Nc(Nd))
2 + we ∗ (Vmeas −N(Nd))

2 (2.20)

End-of-cycle measurements (Nd) of ANC and estimated tumor volume are compared to

the model prediction; Nc(t) is driven by ktox, while N(t) is affected by keff ; we is a binary

variable that is equal to one on the cycle where tumor volume is measured and zero otherwise.

2.3 Results

By implementing the logistical and clinical constraints in conjunction with the PK and

PD models for docetaxel distribution, efficacy, and toxicity a clinically-optimal dosing sched-

ule for chemotherapy patients is created. After the PK model of docetaxel distribution was

compared to samples previously taken during phase 1 clinical trials,, the optimal treatment

schedule is compared to current clinical practice and interpatient variability is explored.

2.3.1 Model Fitting

In order to ensure the model accurately fits the docetaxel concentration within the blood

stream (and subsequently tumor and bone marrow), time series data is captured after doc-

etaxel administration during phase 1 trials at the University of Pittsburgh Cancer Institute

(UPCI) and the Memorial Sloan-Kettering Cancer Center (MSKCC) [8, 56, 31]. During

the phase 1 clinical trials at UPCI, 25 patients were dosed with docetaxel at three different

dosing magnitudes (50, 60, and 75 mg
m2 ) via intravenous infusion over one hour and plasma

concentrations were measured at fifteen predetermined intervals ranging from 0.5 to 25 hours

following infusion [8]. The phase 1 trial performed as MSKCC involved 50 patients being
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dosed either weekly with 35 mg
m2 , or every three weeks with 55, 70, or 75 mg

m2 and 6-9 plasma

concentration measurements per patient were taken at times out to 50.5 hours following infu-

sion [56]. Additionally, a PK study involving elderly patients performed at MSKCC involved

20 patients being dosed weekly with 35 mg
m2 over a 30-minute infusion and 10 plasma samples

were taken ranging from 0.25 to 168.5 hours post-infusion [31]. A sample patient fit of the

PBPK model, using data from UPCI study 01-150, is shown in Figure 6

It is clear that this model can capture the single-dose concentration profile of docetaxel

within the bloodstream, which demonstrates that the SCID mice-derived model can fit hu-

man patient data by adjusting only the flowrates, volumes, and the ”Other” compartment-

intercompartment transfer rates.

2.3.2 Optimal Treatment Compared to Clinical Practice

The most commonly used docetaxel dosing schedules are 100 mg
m2 every 21 days (100

q21d), or 35 mg
m2 every week for three weeks followed by one week off (35 qw 3 of 4)[61].

However, these dosing schedules do not provide every patient with the best quality-of-life;

the 100 q21d schedule is often overly-toxic and the 35 qw 3 of 4 requires the patient to go to

the clinic three times a month and while failing to have as much tumor cell eradication as the

100 q21d schedule [27, 51]. For this reason, an optimal treatment schedule was determined

that can be augmented over time after patient response is measured.

After simulating the set of all feasible chemotherapy schedules and using the change in

number of tumor cells as the objective function to maximize, the schedule simulation that

resulted in the largest difference of tumor cells that was tolerably toxic is determined to be

the mathematically optimal solution. The mathematically-optimal solution was determined

to be 55, 45, and 5 mg
m2 on days 0, 11, and 18, respectively of a four-week dosing cycle.

This is vastly different than the current clinical dosing schedules mentioned previously. This

solution, although mathematically optimal, is not clinically-optimal because of the small

dose given on day 18 will not provide significant tumor eradication, will likely increase

the patient’s resistance to the drug, and requires one more clinic visit [1]. By combining

the last two doses of the mathematically-optimal dosing schedule, a more clinically-optimal
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(though mathematically sub-optimal) solution would be 55 mg
m2 and 50 mg

m2 on days 0 and 11,

respectively. A comparison of the two standard clinical dosing schedules and the clinically-

optimal solution can be seen in Figure 7.

Over the course of 84 days, the 100 mg
m2 every 21 days clearly shows more tumor cell

eradication than both the 35 mg
m2 qw 3 of 4 and the clinically-optimal DSS solution. Although

there may be more tumor eliminated on this dosing schedule, the patient has received four

cycles of treatment, compared to the other two schedules that only received three. The

patient has also received 25% more drug than the other two schedules. Another drawback

to the 100 mg
m2 q 21 day schedule is the noticeable grade 3 neutropenia, which is undesired by

the clinician and patient alike. Since the 35 mg
m2 qw 3 of 4 and the DSS solution demonstrate

similar toxicity by ANC grade and tumor-killing effect and the DSS (sub)optimal solution

has one fewer visit per cycle, the DSS solution is preferred. This treatment strategy would

not only improve patient quality-of-life but also decrease costs to the hospital, insurer, and

patient with no increase in toxicity. Although the DSS clinically-optimal solution (green)

is slightly more toxic than the 35 qw 3 of 4 (red) schedule, the difference in toxicity is

insignificant and could be attributed to interpatient sensitivity differences. However, if the

patient’s toxicity response is slightly more sensitive, the DSS solution would have to be

altered as it would likely cause grade 3 neutropenia..

2.3.3 Managing Interpatient Variability

Since each patient is unique, and sensitivities in both in drug efficacy and toxicity often

change during the course of treatment, the DSS model must also be able to update to

provide individualized optimal treatment. Figure 8 demonstrates how the DSS is able alter

the optimal treatment schedule sensitivities of ktox and keff from Equations (2.8) and (2.17),

respectively.

As a simulated case study, a patient begins treatment with ktox = 1.6, which is moderately

sensitive compared to the DSS nominal value of ktox = 1.0. This causes the first cycle (days

0-28) of treatment to be highly toxic to the patient, which can be seen by the patient

experiencing grade 3 neutropenia (top Figure 8), which would have been far worse had the
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patient received the clinical standard of 100 mg
m2 every 21 days compared to the DSS clinically-

optimal solution. In a clinical setting, if the patient had experienced this toxicity, the second

dose would most likely be withheld until their ANC returned near baseline, as well as having

the following dose magnitude reduced, which is the clinical standard for patient-tailored

chemotherapy treatment. By taking an algorithmic approach to determining the dosing

schedule it is possible to use clinical measurements to inform the DSS of actual patient

response. If measurements were taken after the first dose, rather than at the end of the

cycle the actual patient response could inform the next dose; if the patient showed severe

toxicity after the first dose the second dose on day 11 could either be reduced or withheld

at the clinician’s discretion. The DSS is currently able to update ktox following each cycle

by comparing the ANC measurement and model prediction according to Equation (2.20);

the new value returned is ktox = 1.6. The next two cycles (days 29-56 and 57-84) show the

patient is held within the toxicity limits using the revised DSS solution of three smaller doses

rather than two larger doses; the patient received 40, 30, and 20 mg
m2 on days 4, 16, and 24

(33, 45, and 53 for cycle 2 and 61, 73, and 81 for cycle 3), respectively. Since the patient is

now receiving three doses rather than two, the clinical costs will increase because of clinician

time and number of patient visits, but this is a direct trade off considering the cost of toxicity

rescue via G-CSF (∼$10,000/cycle, not including patient visit needs). Following the third

cycle (days 57-84) the patient develops further increased toxicity (ktox = 1.9), while the

DSS remains unaware with a ktox = 1.6. After the patient experiences another significant

toxicity event, the algorithm detects the mismatch and updates accordingly to match the

actual patient response. This update causes the optimal dosing schedule to change for cycles

five and six to 30, 25, and 25 mg
m2 on days 7, 17, and 25 (days 119, 129, and 137 for cycle

five and days 148, 158, and 164 for cycle 6), respectively. By taking measurements during

chemotherapy treatment and comparing the model predicted value to actual measurements,

it is possible to create an algorithm that will evolve to continually produce the optimal dosing

schedule even as patient response changes over time.
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2.3.4 Discussion

Chemotherapy has always been a difficult treatment to prescribe, given the dichotomy of

minimizing both tumor volume and cytotoxicity. Clinicians have been prescribing standard

doses of chemotherapy based on the patients’ surface area, weight, and renal function since

passing clinical trials for FDA approval [23]. By creating and implementing PK/PD models

of the concentration distribution and the effect of said concentration, it is possible to predict

patient response to these drugs. It has been shown that a reduced, computationally efficient,

PK model can accurately predict the plasma concentration of drug [8]. Implementing these

PK models in conjunction with PD models of both tumor eradication and myelosuppression,

or suppression in neutrophil production within the bone marrow, allows for the creation of

constraints that can be used to create a treatment algorithm.

By describing the treatment algorithm within a GPU architecture, it is possible to min-

imize a simulated tumor volume while staying within toxicity constraints during treatment.

Although this solution may be mathematically-optimal, there are other factors that would

aid in making it more clinically-optimal, such as considering the number of times the patient

has to visit the clinic during a given treatment cycle. This clinically-optimal solution was

shown to increase a simulated patient’s quality of life by minimizing the tumor volume while

maintaining an acceptable toxicity, and decreasing the number of times they must visit the

clinic. This clinically-optimal solution can be tailored to each patient though a nonlinear

least squares comparison of actual measurements taken at the end of treatment (i.e. ANC,

tumor volume), and modeling predicted responses following each measurement to ensure the

dose remains optimal.

Since the efficacy of chemotherapy drugs often decrease over time in patients, drug effi-

cacy on the tumor is another important consideration to patient sensitivity [1]. For example,

if the keff of the drug on tumor is set to 0, the optimization problem returns dosing mag-

nitudes of 0 since the drug will have no effect on tumor cells, but rather only decrease drug

efficacy; if the dosing penalty is increased, this will also drive the optimization to return

optimal dose magnitudes of 0. This allows small dose magnitudes that have minimal effect

on tumor volume to be eliminated as to not increase resistance.
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Figure 3: PBPK model of docetaxel distribution throughout the body [16].
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Figure 4: Reduced neutrophil model with G-CSF [28].
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Figure 5: Tumor growth trajectory comparison for exponential, Gompertzian, and power-

law models
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Figure 6: Example of model fit to human patient data. A single docetaxel dose of 60 mg
m2 was

administered, and serum concentrations were measured at intervals following administration
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Figure 7: Comparison of standard clinical dosing schedules (100 mg
m2 every 3 weeks, blue; 35

mg
m2 3 weeks of 4, red) and DSS solution for docetaxel administration (green). Top:. ANC

over treatment time with toxicity grades shown as horizontal lines. Middle:. Dosing day

and magnitude (mg
m2 ). Bottom: Number of tumor cells over time.
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Figure 8: Simulated patient response to treatment in the presence of model-patient mis-

match. Top: Patient ANC over time, with toxicity grades shown by horizontal lines. Mid-

dle: Dosing day and magnitude, with the toxicity sensitivity for the algorithm-expected

patient (top bar) and actual patient (bottom bar). Sensitivities (ktox) are nominal (1.0),

moderate (1.6) and severe (1.9). Doses are calculated each cycle (28 days), with algorithm

parameter updates after each cycle. Bottom:. number of tumor cells over time

26



3.0 Early Estimation of Lysis from Patient TEG

The TEG is used to assess different aspects of the patient’s clotting ability. This assay,

which can range in duration anywhere from 30 to 80 minutes, works by a stand oscillating to

simulate slow moving blood which then initiates the clot formation which is measured by the

displacement of a torsion pin [24]. This measurement relies on the changing viscoelasticity of

the blood as the clot forms and then lyses (breaks down). The processes of most interest in

the clotting cascade are the platelet activation, clot growth, and lysis of the clot. Addition-

ally, activators that promote or inhibit certain parts of the coagulation cascade can be added

to the assay to either increase the speed of clot formation or to isolate certain parts of the

coagulation cascade to help make a more informed decision regarding treatment. Although

most of the parameters of the TEG can be reported within minutes of initialization, the key

parameters of maximum amplitude (MA) and lysis percentage 30 minutes after maximum

amplitude is achieved (LY30) require more time to be report clot strength and lysis rate.

These help to inform the clinician of the state of the patient’s hemostasis, both primary

and secondary. Primary hemostasis can be described as a conglomeration of platelets that

form a plug at the endothelial cells of an injury site to prevent further bleeding. Secondary

hemostasis is composed of the intrinsic and extrinsic clotting pathways, which combine to

form the primary clotting pathway. This combined pathway activates fibrinogen into fibrin

units (which has an affinity for itself), which combine to form strands that bind the platelets

together and stabilize the plug at the injury site. The intrinsic pathway activation occurs

when there is exposed endothelial collagen, while the extrinsic pathway activation occurs

through tissue factor released by the endothelial cells following injury; the intrinsic pathway

is the longer pathway of the two in terms of time [45, 10]. The rapidTEG is currently one

of the fastest assays that activates both the intrinsic and extrinsic clotting pathways and

can be completed in as little as 30 minutes [52]. It is important that both pathways are

activated during the assay so the clinician can get a comprehensive interpretation of the

patient’s clotting ability; if only one pathway were activated the clinician’s interpretation

of the results would be an inaccurate representation of the patient’s actual clotting ability.
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The work herein focuses on expediting the prediction of whether the patient’s LY30 values

are above or below a threshold to help the clinician determine if the clot will be lysing ab-

normally, and therefore intervene before the situation worsens. Previous work has focused

on expediting the prediction of high or low MA, but LY30 can only be determined after MA

occurs which is the key motivation for this work [49, 48].

3.1 Methods

By using patient TEG tracings in conjunction with machine learning techniques such

as K-nearest neighbors and logistic regression, it is possible to predict whether a patient is

going to experience different severities of abnormal lysis rates. This is done by including the

four key ODE model parameters (β, k4, k5, and Ψ from Equations (3.1)-(3.9)) as inputs into

the logistic regression and the levels of lysis (above or below a threshold value) as the classes

of each patient.

3.1.1 Data Implementation

TEG time-series data was collected from subjects enrolled in the Study of Tranexamic

Acid during Air Medical Prehospital transport (STAAMP) and Prehospital Air Medical

Plasma (PAMPer) clinical trials [6, 5, 57]. This included a total of 1,045 TEG tracings from

293 patients. The data was then deidentified to remove any personal information that could

be used to correlate a particular patient with a TEG tracing.

3.1.2 Challenges in Predicting LY30 of Patients with Extended ACT

Since there is no delay function explicitly incorporated into ODE model, it is nearly

impossible for the function to predict accurate nearest neighbors when the ACT of the

patient TEG exceeds the standard range of 80-140 seconds [42]. This may be possible to

overcome by introducing various temporal delays into each of the simulated TEG tracings,

but this would increase the simulation and optimization time significantly. Since there is
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significant delay before the initialization of the TEG, the neighbors that the function predicts

are not accurate representations of the patient TEG tracing. Examples of the TEG tracings

that have longer than standard ACT can be seen in Figure 9. There are a total of 26 patients

out of the 874 filtered patients that have an ACT longer than 150 seconds, or roughly 3%

of the filtered data set. The median ACT of the filtered data set, excluding the 26 patients

previously mentioned, is 80 seconds. The normal distribution of ACT can be seen in Figure

10. Since the model is unable to capture these extended ACT times, these patients were

removed from the machine learning analysis because using the neighbors determined by the

algorithm would negatively impact accuracy of the predictor.
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Figure 9: Examples of TEG tracings with ACT longer than 150 seconds. The nearest

neighbors are shown in blue, while the patient TEG is shown in red.

3.1.3 Determining the True MA Time

Since LY30 is measured by comparing the maximum amplitude, it is important to accu-

rately determine the time at which MA occurs. Being able to predict time of MA will also

aid in selecting the range of time in which data will be used for prediction of LY30. TEG

data is inherently noisy, and has very minute fluctuations that are insignificant clinically,

but can create challenges when doing numerical analyses. The TEG tracing data measures

the clot strength down to the ten-thousandth of a millimeter, which is more significant digits

than is necessary to make clinical judgements regarding the clotting characteristics of the
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Figure 10: Histogram of ACT of filtered data set, excluding any ACT longer than 150

seconds.

patient [63]. For example, The TEG operator may thing the assay has reached MA since the

next point decreases, albeit by a very small interval which would cause inaccurate interpre-

tation of MA time and could lead to incorrect LY30 calculation leading to improper patient

treatment. The Figure below, Figure 11 highlights how the TEG may still be increasing,

even after previous points have shown a negative change in clot strength. It is imperative

therefore for this algorithm to correctly predict the global maximum of the TEG tracing.

Being able to predict the time of MA accurately is crucial in determining where to start

the analysis for determination of nearest neighbors, and noise in the tracing make it difficult.

Additionally, this enables real-time implementation of the algorithm simultaneously with the

TEG running in the clinical setting such that MA can be identified as soon as it happens.

In order to account for the noise in the TEG while determining MA, a four-point concavity
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Figure 11: Example of TEG tracing that exhibits oscillation before reaching MA.

analysis was done that looked at the values of the TEG tracing from 30 minutes pre-MA to

MA. This test involved looking at the change between successive points and determining the

slope. The change in these successive slopes were examined, and if the change was decreasing,

the inflection would be concave, whereas increasing would indicate a convex inflection. Two

separate values of difference in magnitude for the noise threshold were used between the

first and fourth successive points: 0.1mm and 0.025mm. To verify MA has been reached the

test needed to satisfy the fact that the inflection was concave, and the magnitude difference

between the first and fourth successive points had to be greater than the noise threshold

values.

3.1.4 ODE Model of Coagulation Cascade

The complete mechanistic model of the clotting cascade contains 76 species and 105

kinetic constants [3]. Since there are a number of factors that can influence the coagulation

cascade, including medications, genetics, hypothermia, and inflammation, it is important to

create a model that captures the complete resulting function of the key components that can

better capture a range of clotting dysfunction. Additionally, the lack of identifiability and

the computational time required to fit this complete model would make fitting each patient
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TEG impractical and inaccurate in a clinical setting [9]. A diagram of the mechanistic model

can be seen in Figure 12 [3]. To make modeling this process and fitting to patient data

computationally feasible, the mechanistic clotting cascade model was simplified to estimate

key parameters of the TEG using mass conservation principles [34, 30, 2]. Although this

sacrifices a significant number of the states in the complete mechanistic model, it retains the

key biologically-motivated parameters related to coagulopathies [49, 15].

As seen in Figure 13, the cascade initiates by the conversion of prothrombin to thrombin.

Thrombin then interacts with resting platelets to transform them into activated platelets.

The activated platelets provide reaction sites that further convert prothrombin to thrombin.

The thrombin is continually reacting with fibrinogen, which form a cross-linked network that

together with the activated platelets form a clot. This clot forms and is then broken down

through fibrinolysis [48]. This simplified low-order ODE model gives a balance between

clinical relevance and physiological representation, enabling efficient computations with a

high degree of accuracy compared to the complete mechanistic model.

3.1.5 Creating the Library of Simulated Patient TEG’s

In order to determine the parameters within the simplified ODE model specific to each

patient in an expedited manner, identification of the nearest neighbors between patient and

simulated TEG tracings will be implemented. This method is preferred for clinical use over

slow optimization algorithms that can take up to an hour to determine the parameters within

the ODE model following the TEG assay. Before determining the optimal number of nearest

neighbors and finding them, a database of simulated TEG tracings had to be created for

comparison to the patient tracings to identify the parameter space of the ODE model. This

database included a library of 160,000 different simulated TEG tracings by varying four of the

ODE model parameters where each parameter had a discretization of 20. This discretization

was chosen because it provided an adequate number of tracings that the encompassed the

entire patient database; the number of discretizations could be increased but this would

come at the cost of computation time. For the basis of the machine learning model, the

key parameters from the ODE model will be used as the input variables in conjunction with
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Figure 12: The coagulation pathways leading to clot formation including inactivation, acti-

vation, and inhibition, taken from [3]. Clotting factors are denoted by roman numerals in

the active and inactive forms (i.e. FXIII is inactive factor 8 while FXIIIa is active). Abbrevi-

ations: ADP (adenosine diphosphate), Ca+2 (calcium with +2 charge), FDP( fibrin degra-

dation products), FL (phospholipids), FPA (fibrinopeptide A), FPB (fibrinopeptide B), GP

(glycoprotein), PAI-1 (plasminogen activator inhibitor), PCI (protein C inhibitor), PS (pro-

tein S), TAFI (thrombin activation fibrinolysis inhibitor), TAT (thrombin-antithrombin com-

plex), TF (tissue factor), TFPI (tissue factor pathway inhibitor, t-PA (tissue-plasminogen

activator), TXA2 (thromboxane A2), u-PA (urokinase-plasminogen activator), and vWF

(von Willebrand factor).
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Figure 13: Model schematic of simplified clotting pathway including prothrombin (pT),

thrombin (T), resting platelets (P), activated platelet cascade (P1, P2, Pa), fibrinogen (Fg),

and clot (C) [48].

a binary output variable of high or low lysis rate. This method was chosen because each

of the key model parameters represents a particular rate of the clotting cascade so that it

will be possible to interpret which of the model parameters most influences the high or low

lysis rates. The binary variable of high or low lysis is used so that the machine learning

algorithm is able to predict the probability of being in one of the two classes. The model

parameters implemented in the ODE model below in Equations (3.1)-(3.9) that will be used

in the machine learning model will be β, k4, k5, and Ψ; their ranges can be seen in Table 2.

The four estimated parameters represent the platelet and thrombin activation (β), rate of

clot formation (k4), lysis rate (k5), and a scaling factor (Ψ). Since the rate of clot formation

is directly impacted by the activation of thrombin and platelets, it is crucial to include

in the analysis. Furthermore, the rate of clot formation and lysis rate are indicative of

different types of coagulopathies and must also be included in the model. The scaling factor

must also be included in the analysis because a low scaling factor would indicate that the

patient will not be able to form a substantial clot. Since the model captures the dynamics
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Table 2: Ranges for the four varied ODE model parameters

Parameter Minimum Value Maximum Value

β 0.001 10

k4 1E-4 0.1

k5 1E-6 0.001

Ψ 0 70

of elimination of chemical compounds from the body, Michaelis-Menten kinetics were widely

implemented in this model. The varied parameters can be seen in the ODE model below

(Equations (3.1)-(3.9)). This system contains 6 rate coefficients (k1, k2, k3, k4, k5, kact) with

units of s−1, a saturation constant, µ, with arbitrary units, and eight initial concentrations

including the three initiation states (P (0) = pT (0) = Fg(0) = 1) and five initially inactive

states (P1(0) = P2(0) = Pa(0) = T (0) = C(0) = 0) also with arbitrary units.The saturation

constant µ and activation rate constant kact remained constant for this analysis due to

identifiability concerns within the ODE model [48, 15]. The clot state, C(t) was scaled using

factor Ψ, with units of mm, in order to relate the model to experimental data.

dpT (t)

dt
= −k1pT (t)− βPa(t) ·

pT (t)

µ+pT (t)
. (3.1)

dT (t)

dt
= k1pT (t) + βPa(t) ·

pT (t)

µ+ pT (t)
− k4T (t) ·

Pa(t)

µ+ Pa(t)
· Fg(t)

µ+ Fg(t)
. (3.2)

dP (t)

dt
= −βP (t) · T (t)

µ+ T (t)
. (3.3)

dP1(t)

dt
= βP (t) · T (t)

µ+ T (t)
− kactP1(t) (3.4)

dP2(t)

dt
= kactP1(t)− kactP2(t) (3.5)

dPa(t)

dt
= kactP2(t)− k4T (t) ·

Pa(t)

µ+ Pa(t)
· Fg(t)

µ+ Fg(t)
(3.6)

dFg(t)

dt
= −k4T (t) ·

Pa(t)

µ+ Pa(t)
· Fg(t)

µ+ Fg(t)
(3.7)
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dC(t)

dt
= k4T (t) ·

Pa(t)

µ+ Pa(t)
· Fg(t)

µ+ Fg(t)
− k5C(t) (3.8)

Y (t) = Ψ · C(t) (3.9)

3.1.5.1 Using K-Nearest Neighbors for Patient TEG’s in Parameter Space

After creating the library of simulated TEG tracings, the optimal number of nearest

neighbors needs to be determined. It is important to pick a number of nearest neighbors

(k-value) that is large enough so that machine learning algorithm has enough training sets

as an input, yet small enough as to not be too computationally expensive and slow down the

prediction. Additionally, having too large of a k-value could cause neighbors to be included

in the set that are further than desired from the actual value. To do this, the normalized

sum of squared error (NSSE) for each patient compared to each entry in the simulated TEG

library was calculated; an example of the formula used to calculate error can be seen below.

Errorj,i =
1

length of assayj
·
160000∑
i=1

length∑
j=1

(actualj − simulatedj,i)
2 (3.10)

The error of each simulated TEG tracing for each patient was then sorted by increasing

values to determine the optimal number of nearest neighbors. By plotting the sorted error

values versus number of nearest neighbors it should be possible to find a “knee” in the curve.

This would indicate that the rate of performance loss is increasing per incremental inclusion

of another neighbor and would therefore decrease the accuracy of the machine learning

algorithm, which is grounds to stop including subsequent nearest neighbors. However, the

results of this procedure, highlighted in Figure 14, show that there is not always a defined

knee in the curve. This makes determining the optimal number of nearest neighbors more

challenging since each patient has a varying “knee”, or optimal number of neighbors, when

then nearest neighbors are plotted in order of increasing error. The range of the optimal

number of nearest neighbors based on the “knee” method was between 1 and 40 across all

patients. The bottom plot in Figure 14 shows a different patient’s sorted error plot; it is clear

that this curve has a knee around 16 neighbors. Ultimately, 10 nearest neighbors were chosen

as a good balance between the number of neighbors and minimizing the error for the last
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nearest neighbor. By using the NSSE of each of the neighbors, the worse allowable neighbor

had a NSSE value of 0.6. An NSSE value above this affected the training of the machine

learning algorithm. The average NSSE value of each neighbor throughout the entire dataset

(n=8,740) was 0.22 (with a range of 0.0001 to 0.58). Since there was a total of 874 TEG

tracings and 10 nearest neighbors were implemented, there are a total of 8,740 parameter

groupings used for this analysis.

3.1.6 Predicting LY30

After determining the optimal number of nearest neighbors to be 10, logistic regression

was implemented for its ease of use and computational effeciency to predict if a patient was

going to experience high or low lysis rates. This algorithm is able to predict which side of

the threshold value (i.e. above or below) the patient will fall Logistic regression (LR) is

a generalization of the general linear regression that defines an outcome as either positive

(LY30 ≥ threshold) or negative in relation to a set of inputs. Using the four previously

discussed model inputs (β, k4, k5, Ψ) as the basis for classification, Matlab (©2022 The

Mathworks, Natick, MA) was implemented to train, test and validate the model using a 1
3

split for each set. This was done because there was a sufficient number of data points to

have training, testing, and validation cohorts of data.

3.1.7 Balancing Classes of Data with SMOTE

After determining the actual LY30 values for each patient in the data set by comparing

the TEG MA to amplitude 30 minutes after MA, over 75% of the classifications were for

LY30 ≥ 3%. This necessitated balancing the population of each class for all three data

sets to ensure accurate and robust model prediction. To accomplish this the synthetic

minority oversampling technique (SMOTE) was implemented as to not create duplicate

entries that could either decrease the accuracy of the regression or oversample a particular

set of parameters [14].

SMOTE works by creating synthetic points (in variable space), rather than duplicating

the data. It does this by first selecting random samples from the minority class, specifically
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Figure 14: Sorted error values for two different patients; Top: patient 23 that shows no

discernible knee in the sorted error values; Bottom: patient 253 that shows a clear knee at

16 neighbors.
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the class that was negative for high LY30. Then, the nearest neighbor(s) to the minority

class sample are determined. These neighbor(s) are then used to create a vector between

the randomly selected minority sample and the selected neighbor(s); this vector is then

multiplied by a random number between 0 and 1 and added to the randomly selected minority

sample. This process is repeated for the required number of synthetic samples so that the

class populations are approximately equal [14]. This step is needed because the training set

requires an approximate even split between the two classes (above and below the threshold

values) of data, which would cause the testing and validation sets to be comprised of only

about 12% of the lesser class. After running the logistic regression prior to using SMOTE,

there was not enough samples in the class below the threshold values to produce any true

negative results, thus giving lower values for the area under the curve (AUC) on the receiver

operating characteristic (ROC) curve. In Figure 15, you can see the original parameter

distribution of the model when using the nearest neighbors is nicely discretized prior to

using SMOTE. The red points are negative for high LY30 and the blue is positive. After

using SMOTE you and see that there are a lot of redpoints between the nicely discretized

blue points in Figure 16. This was able to give me sufficient balance of data that I could

then split randomly into training, testing, and validation data.

3.2 Results

The following procedure was used to predict whether a patient is going to experience

lysis rates above or below a threshold value:

1. Filter the TEG tracings that would be impossible to model from the original set (n=1,045).

a. Filter out tracings with less than 1,000 seconds of data (994 TEG tracings remain)

b. Filter out tracings with an average amplitude of less than or equal to 2mm (932

TEG tracings remain)

c. Filter out tracings with an average amplitude less than or equal to 5mm and MA

less than or equal to 7mm (913 TEG tracings remain)
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Figure 15: Parameter space distribution of nearest neighbors prior to using SMOTE.

d. Filter out any tracings with a negative jump greater in magnitude than the greatest

positive jump (886 TEG tracings remain)

e. Filter out any tracings that have a jump greater than or equal to 2.5mm in magnitude

in either direction (874 TEG tracings remain)

f. Filter out any tracings that exhibit an activated clotting time (ACT) longer than

150 seconds (848 TEG tracings remain)

2. Calculate the actual lysis rates of each of the remaining patients and assign them a binary

variable based on being above the chosen threshold

3. Create the simulated TEG tracing library of 160,000 different TEG tracings
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Figure 16: Parameter space distribution of nearest neighbors after using SMOTE.

4. Determine the normalized sum of squared error between each of the 848 patients to each

of the 160,000 simulated TEG tracings

5. Take the 10 parameter sets with the lowest error values to be the nearest neighbors and

assign each of these neighbors to have the same binary variable as the patient they are

the neighbor to

6. Implement SMOTE to balance the classes of data so there is a near 50/50 balance between

positive and negative classes

7. Randomly split the data in training, testing, and validating sets

8. Initialize the logistic regression to predict whether a patient is going to expeiernce high
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or low lysis rates

3.2.0.1 Data Preprocessing

Before the data can be analyzed it must be filtered to exclude any TEG tracings that

will be impossible for the ODE model to replicate. Since the TEG measurement device is

highly sensitive to outside vibrations, there are a number of exclusionary criteria that must

be considered when removing TEGs from the analysis.

The first exclusion criterion is to remove all TEG tracings that have less than 1,000

seconds worth of data to allow for enough data for the algorithm to analyze; operators can

stop the TEG early if there is an issue, such as someone bumping into the table while the

TEG is running. There were 51 tracings that had to be removed for this reason, and examples

of them can be seen in Figure 17.
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Figure 17: Examples of TEG tracings removed for having less than 1000 seconds of data

The second exclusion criterion is to remove TEG tracings based on average amplitude.

Any tracing that had an average amplitude of 2 mm or less was removed because the TEG

never initialized (i.e. the clot never began to form within the oscillating specimen cup) and

would not contain any useful information regarding patient status. 62 TEGs were removed

for this reason, and examples can be seen in Figure 18.

The third exclusion criterion was any TEG that had an average amplitude of less than

5 mm and a max amplitude of 7 mm or less. These tracings never reached a reasonable
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Figure 18: Examples of TEG tracings removed for having less than 2 mm average amplitude.

maximum amplitude. A total of 19 tracings had to be removed for this reason, and examples

can be seen in Figure 19.
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Figure 19: Examples of TEG tracings removed for having less than 5 mm average amplitude

or less than 7 mm maximum amplitude.

Additionally, any tracing that had a large negative jump greater in magnitude than the

maximum positive jump between data points was removed because it is unrealistic for the

TEG tracing to exhibit these discontinuities. 27 TEG tracings were removed for this reason,

and examples can be seen in Figure 20.
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Figure 20: Examples of TEG tracings removed for having a negative jump greater in mag-

nitude than the maximum positive jump.

Finally, any TEG that had a jump greater than or equal to 2.5 mm in either direction

was removed because the model cannot reasonably fit discontinuities this large. A total of

12 TEG tracings were removed for this reason, and examples can be seen in Figure 21.
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Figure 21: Examples of TEG tracings removed for having a positive jump greater than 2.5

mm or a anegative jump less than 2.5 mm.

After filtering the data by removing TEG tracings without enough sampling time, low

amplitudes, large discontinuities, and longer than standard ACT times, of the original 1,045
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TEG tracings there were a total of 848 tracings that are able to be analyzed.

3.2.1 Results of Determining the Real MA Time

The results of this can be seen in Figure 22. It is clear that using the threshold value

for noise to be 0.1mm resulted in very few tracings that are still exhibiting significant noise;

regardless of the starting time for MA identification, there are at most two patient TEGs with

noise above the threshold value. However, using the smaller threshold of 0.025mm resulted

in a maximum of seven tracings that show significant noise when starting MA identification

at seven minutes pre-MA. Since the data set for this analysis contains 848 tracings, the

number of patients that exhibit noise from MA to 30 minutes pre-MA is 36 and 11 for the

lower and upper noise thresholds, respectively. Therefore, it is reasonable to expect MA has

been reached if the tracing is no longer continually increasing by more than 0.025mm across

the four successive points. At roughly five minutes before MA occurs there is an insignificant

portion of patients with noise higher than the threshold value, and at two minutes pre-MA

no patients exhibit noise above either threshold. Determining real MA time is important

because the logistic regression will be done at various time intervals both from the beginning

of the TEG tracing and also at specific intervals following MA.
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Figure 22: Histogram of patient TEG tracings that oscillate prior to MA.
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3.2.2 Predicting LY30 at Multiple Time Intervals from TEG

The goal of this research is to determine how soon an accurate prediction of high or low

lysis rates can be determined from the TEG tracing. Currently, the clinician waits at least

30 minutes post-MA before making an inference regarding the LY30 value of the patient and

intervening, typically with tranexamic acid (TXA) [65]. The current standard threshold for

high LY30 varies, but 3% is regarded as the lower high threshold for intervention and 8% as

the upper high threshold. [62]. Univariate logistic regressions were performed on both the

lower and upper threshold values for LY30 at various time intervals before and after MA to

determine how soon clinicians can predict abnormal lysis rates.

3.2.2.1 Univariate Logistic Regressions

Using both the lower and upper high threshold LY30 values, nine different time intervals

were used to see how early the algorithm could predict abnormal LY30 values. One set

intervals are from the start of the TEG tracing to five minutes, 30 minutes, 35 minutes, time

of MA plus five minutes, time of MA plus 30 minutes. A second set of intervals start at from

time of MA and look ahead three minutes, five minutes, and 30 minutes beyond MA. Since

the median time for MA is 32 minutes, as shown in the normal distribution in Figure 23, the

accuracy for 35 minutes and start to MA plus five minutes should be similar, as should start

to MA plus 30 minutes and start to 60 minutes since they are taken at approximately the

same time on the TEG tracings. The differences in the nearest neighbors that are populated

based on using different time intervals is highlighted in Figures 24-25.

3.2.2.2 Predicting LY30 ≥ 3%

By using the lower high LY30 threshold value of 3% in conjunction with the various

time intervals of the TEG tracing, logistic regression can be used to predict high and low

LY30 values as well as the relative importance of each parameter of the ODE model in

determining the prediction. A receiver operating characteristic (ROC) curve can be seen in

Figure 26. It is clear that starting at MA, without the beginning rise of the TEG tracing,
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Figure 23: Histogram of patient TEG time to MA.

provides the most accurate results. This is because the algorithm is not concerned about

the rise, but only the fall after reaching MA. It is clear from Table 3, that starting at MA

provides more accurate predictions compared to starting from the beginning of the tracing;

it is also evident that k5, the parameter in the ODE model that governs the rate of lysis,

plays the most important role in the prediction of high LY30. In accordance with the results

of median MA time, the AUC values for start to MA + 30 and 60 minutes, as well as start

to MA + 5 and 35 minutes, have very similar AUC values because they occur at roughly

the same point on the TEG tracing. Although using the time interval of MA + 30 provides

the highest AUC, this analysis would take approximately 60 minutes. The AUC of the ROC

at MA + 5 provides a reasonably accurate prediction and saves 25 minutes over the MA +

30 time interval. The entire set of ROC curves and confusion matrices for this lower high

LY30 threshold can be seen in 6.1-6.2; the ”0” classifier represents patients who fall below
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the threshold (do not have elevated lysis rates), while ”1” represents those that are above

the threshold.
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Figure 24: Nearest neighbors to patient 177

3.2.2.3 Predicting LY30 ≥ 8%

By using the upper threshold for LY30 (> 8%), with the various time intervals of the

TEG tracing and logistic regression LY30 values above the upper threshold can be predicted

as well as the relative importance of each parameters’ impact on the prediction. The ROC

curve can be seen in Figure 27. Agreeing with the lower LY30 threshold value of 3%, it is

clear that starting at MA, rather than using the whole tracing from the beginning provides

more accurate predictions. However, this prediction is slightly less accurate, as evidence by

the lower AUC values in Table 4; thiscould be due to the low number of patients within the

data set (n=95) and the significant overlap between the k5 values of the different classes of

datathat experience LY30 ≥ 8Ṫhis is highlighted in Figure 28. Also, in agreement with the

lower threshold value for LY30, k5 is by far the most important parameter when predicting

LY30 values through logistic regression. A patient that has an LY30 value above this upper
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Figure 25: Nearest neighbors to patient 696.

threshold will require more expeditious intervention than the lower threshold value to prevent

mortality and permanent injury. The entire set of ROC curves and confusion matrices for

this upper high LY30 threshold can be seen in 6.3-6.4; the ”0” classifier represents patients

who fall below the threshold, while ”1” represents those that are above the threshold.

3.2.2.4 Predicting 3% ≤ LY30 < 8% vs. LY30 ≥ 8%

Determining the magnitude of a patient’s LY30 value is of interest to clinicians so they

can expedite treatment and/or have other interventions on-hand if the LY30 value is ≥ 8%.

This regression was done on patients only with LY30 values ≥ 3%, as to eliminate those

patients who do not experience abnormal LY30 values. The ROC curve for the various time

intervals of this analysis can be seen in Figure 29, and the AUC and relative importance of

k5 can be seen in Table 5. The AUC values of this analysis are comparable to the values

of predicting LY30 values ≥ 8%, as are the relative importance of k5. As evident in Table

5, although the time interval from MA+30 provides the highest AUC of the ROC curve,
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Figure 26: ROC curve for validation data at various time intervals in TEG tracing (≥ 3%).

with start to 60 minutes being the second best, both of these analyses would take roughly 60

minutes to accomplish. Starting from MA and going five minutes beyond provides nearly the

same AUC compared to start to 60 minutes and the analysis would require 25 less minutes to

compete. This indicates that starting from MA would still be preferrable in accelerating the

prediction of abnormal lysis. This is the primary reason why it is imperative to know when

MA occurs, so the regression can be started at that particular point. Alternatively, higher

accuracy may be achieved by first predicting if the patient will experience LY30 ≥ 3%, then

using the positive results from that analysis to predict the severity of the abnormal LY30.

The entire set of ROC curves and confusion matrices for this upper high LY30 threshold can

be seen in 6.5-6.6; the ”0” classifier represents patients who fall below the threshold (3% ≤

LY30 < 8%), while ”1” represents those that are above the threshold (≥ 8%).
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Table 3: AUC of ROC curve and Relative Importance of LY30 ≥ 3%

Time Interval AUC Relative Importance of k5 Approximate Time (min)

MA + 30 0.9653 0.9998 60

MA + 5 0.8393 0.9996 35

MA + 3 0.7652 0.9995 33

Start to MA + 30 0.8680 0.9985 60

Start to MA + 5 0.6850 0.9971 35

Start to 60 0.8562 0.9983 60

Start to 35 0.6773 0.9964 35

Start to 30 0.6428 0.9948 30

Start to 5 0.6186 0.9893 5

3.2.3 Multivariate Logistic Regression

Following the univariate regressions, a multivariate regression was performed to deter-

mine if the model can accurately predict multiple severity levels of LY30 at the same time;

this analysis focused on discerning LY30 values < 3%, 3% ≤ LY30 < 8%, and LY30 ≥ 8%.

The results of using the time interval from MA + 30 minutes can be seen in Figure 30. It

is clear that the model has a more difficult time predicting different levels of LY30 values,

compared to the binary prediction. The entire set of confusion matrices for this upper high

LY30 threshold can be seen in 6.7. Here, the ”0” classifier represents those patients with

LY30 ≥ 8%; ”1” represents those patients with LY30 values such that 3% ≤ LY30 < 8%;

and ”2” represents those patients with LY30 < 3%. It is clear that the predictor is much

more successful at predicting patients with LY30 ≥ 8% and LY30 < 3%, rather than 3% ≤

LY30 < 8%. Rather than using a multivariate regression to determine the severity of LY30,

it would be more accurate to first run a regression to determine if the patient’s LY30 value

≥ 3%, then running another regression to determine if the patient’s LY30 is ≥ 8%, provided

the result is positive on the first regression as evidence by Tables 3-
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Figure 27: ROC curve for validation data at various time intervals in TEG tracing (≥ 8%).
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Figure 28: Probability density histogram of the k5 values for LY30 < 8% and LY30 ≥ 8%.
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Table 4: AUC of ROC curve and Relative Importance of LY30 ≥ 8%

Time Interval AUC Relative Importance of k5 Approximate Time (min)

MA + 30 0.9416 0.9997 60

MA + 5 0.8472 0.9996 35

MA + 3 0.8135 0.9996 33

Start to MA + 30 0.8649 0.9979 60

Start to MA + 5 0.7299 0.9951 35

Start to 60 0.8741 0.9984 60

Start to 35 0.8206 0.9973 35

Start to 30 0.7470 0.9959 30

Start to 5 0.5407 0.9748 5
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Figure 29: ROC curve for validation data at various time intervals in TEG tracing (3% ≤

LY30 < 8% vs. LY30 ≥ 8%).
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Table 5: AUC of ROC curve and Relative Importance of 3% ≤ LY30 < 8% vs. LY30 ≥ 8%.

Time Interval AUC Relative Importance of k5 Approximate Time (min)

MA + 30 0.9485 0.9997 60

MA + 5 0.8431 0.9996 35

MA + 3 0.7787 0.9996 33

Start to MA + 30 0.8374 0.9970 60

Start to MA + 5 0.7076 0.9943 35

Start to 60 0.8510 0.9976 60

Start to 35 0.7878 0.9961 35

Start to 30 0.7292 0.9952 30

Start to 5 0.5475 0.9336 5
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4.0 Summary

By taking a systems medicine approach to complex problems such as optimal dose

scheduling of chemotherapy treatment and predicting abnormal lysis rates in trauma pa-

tients, it is possible to distill these problems down to their core to create realizable solutions.

The use of physiologically-based, simplified ODE models, provides computationally solu-

tions that allow implementation in a clinical setting where they can be used to support

the treatment decisions clinicians make regarding their patients, while also improving the

quality-of-life and long-term prognosis of said patients.

4.1 Cancer Chemotherapy Treatment Algorithm

By combining PK models of drug distribution via a compartmental model and PD models

of neutrophil toxicity and tumor cell growth/eradication, a cyclic chemotherapy treatment

scheduling algorithm was synthesized. By implementing a model predictive control frame-

work, the receding-horizon control is mathematically suboptimal, but does allow for more

flexible constraint handling and the use of nonlinear models that would be difficult to im-

plement in optimal control scenarios. This mathematically suboptimal solution is guided

by the use of clinically-relevant constraints that would be easy for a clinician to understand

and implement by mapping them onto the PD toxicity model in conjunction with logistic

constraints such as time of dosing and number of doses that impact both the patient and the

clinic/insurer. By using a parallel simulation architecture in a GPU, the calculations are fast

and computationally efficient which allows for real-time use in a clinical setting, rather than

waiting hours or even days for an optimization algorithm to return a (sub)optimal solution.

Additionally, the algorithm can be updated at key points during treatment (e.g. at the end

of each cycle or as patient measurements are collected) to reflect the actual patient responses

of drug toxicity to neutrophils and drug efficacy on the tumor. This allows for subsequent

clinically-optimal schedules to be tailored to what the patient is experiencing, rather than
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solely based on what the model predicts. This treatment design algorithm could serve to

improve patient quality-of-life, as well as serve as a framework for creating additional single-,

and even multi-agent treatment schedule designs as other PK and, and more importantlyPD

models are available.

4.2 Predicting Coagulopathies from TEG

Through the use of TEG data, a simplified clotting cascade ODE model, and multiple

machine learning techniques (including K-nearest neighbors and logistic regression), it is

possible to predict whether a trauma patient is going to experience various threshold values

of LY30. The complete TEG tracing data set required pre-processing as the model is unable

to capture discontinuities and TEG tracings that are unrealistic (e.g. TEG too short to

provide patient insight, insufficient amplitude, and physically-impossible jumps in either

direction). A simulated TEG tracing library was created by discretizing key variables within

the simplified ODE model and iterating through to create 160,000 different TEG tracings

for use in K-nearest neighbors identification. The nearest neighbors in parameter space are

determined via normalized error function and the simulated TEG tracing library. Although

this model has its challenges in capturing patients that experience longer than normal ACT

times and overly noisy TEG tracing profiles, this the overall number of excluded TEGs

is a small fraction of the total patient data. While MA+30 minutes provides the highest

accuracy in prediction, this analysis would take roughly 60 minutes to complete. However,

by implementing the time segment from MA+5, which has a similar predictive capability, the

clinician could save 25 minutes before making an inference regarding treatment. Clearly not

incorporating the initial rise of the TEG, but rather only from MA forward, the prediction

accuracy increases significantly. This algorithm can be implemented in a clinical setting

where it has the potential to not only improve time to intervention, but also patient quality-

of-life. K-nearest neighbors and logistic regression, which takes a couple minutes to run, are

significantly less computationally-intensive than other parameter estimation tools such as

affine parallel tempering Markov chain Monte Carlo methods, which takes hours to run.
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4.3 Future Work

The cancer chemotherapy work presented herein is modular and can be expanded to in-

clude multiple drug treatments, in both single- and multi-agent treatments. This is because

the objective function for optimal treatment can be augmented to include multiple toxicity

classes (e.g. nephrotoxicity due to elevated blood urea nitrogen and creatinine levels during

treatment with Cisplatin) through models akin to the PD neutrophil toxicity model and

compartmental PK model of drug distribution throughout the body. By including multiple

agents in treatment, the tumor will become less resistant to any one drug, and the patient’s

optimal dose should not have to increase as fast due to resistance to any one drug, which

also alleviates excess toxicity concerns. However, incorporating multiple drugs could present

challenges algorithmically because combination drug interactions would need to be incorpo-

rated into the model. This could also lead to toxicities in other parts of the body, that the

current PK model has been reduced to exclude.

The coagulation work can also be expanded through the prediction of multiple TEG vari-

ables simultaneously. For example, one regression could be performed to predict abnormal

LY30 values, while simultaneous regressions can be run to predict abnormal MA and α-angle

values. This could be used to make better inferences as to what intervention is required.

However, predicting multiple assay parameters simultaneously can present problems if the

first prediction is inaccurate; this would lead to exacerbated inaccuracy of the following pre-

diction. Additionally, some type of delay, either explicitly incorporated or generated by the

use of a different function (e.g. a Hill function) could be incorporated into the ODE model

to allow for the capture of patient data that has longer than normal ACT. Alternatively,

incorporating a discretized temporal delay into each of the simulated TEG tracings would

allow for better results when implementing the ODE model, but these options would increase

computation time and could present identifiability concerns. Furthermore, this application

can be applied to more novel assays such as rotational thromboelastometry (ROTEM), where

more aspects of the clotting cascade can be quantified though assay variables. This would

also aid in making clinical decisions regarding what intervention would most benefit the

patient.
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5.0 Supporting Equations for Cancer Model

5.1 35-state docetaxel PBPK model developed by Florian et al.[16]

The complete physiologically-based PK model of docetaxel distribution throughout the

body:

Venous Blood:

dCven

dt
=

1

Vven(1− fhem)
(FinCin − FtotCven) +

fhem
1− fhem

krbcplasCrbcv

− kplasrbcfunbCven +
u(t)

Vven(1− fhem)
(5.1)

dCrbcv

dt
= −kplasrbcCrbcv +

1− fhem
fhem

kplasrbcfunbCven (5.2)

Lung:
dClv

dt
=

Ftot

Vlv

(Cven − Clv)− klvefunbClv +
Vle

Vlv

klevCle (5.3)

dCle

dt
=

Vlv

Vle

klveClv − klevCle + kbindoutClb − kbindinCle (5.4)

dClb

dt
= −kbindoutClb + kbindinCle (5.5)

Arterial Blood:

dCart

dt
=

1

Vart(1− fhem)
(FtotClv − FtotCart) +

fhem
1− fhem

krbcplasCrbca − kplasrbcfunbCart (5.6)

dCrbca

dt
= −krbcplasCrbca +

1− fhem
fhem

kplasrbcfunbCart (5.7)

Gut:
dCgv

dt
=

Fg

Vgv

(Cart − Cgv) (5.8)
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Brain:
dCbv

dt
=

Fb

Vbv

(Cart − Cbv)− kbvefunbCbv +
Vbe

Vbv

kbevCbe (5.9)

dCbe

dt
=

Vbv

Vbe

kbvefunbCbv − kbevCbe + kbindoutCbb − kbindinCbe (5.10)

dCbb

dt
= −kbindoutCbb + kbindinCbe (5.11)

Spleen:
dCsv

dt
=

Fs

Vsv

(Cart − Csv)− ksvefunbCsv +
Vse

Vsv

ksevCse (5.12)

dCse

dt
=

Vsv

Vse

ksvefunbCsv − ksevCse + kbindoutCsb − kbindinCse (5.13)

dCsb

dt
= −kbindoutCsb + kbindinCse (5.14)

Liver:

dCliv

dt
=

1

Vliv

(FliCart + FgVgv + FsCsv − (Fg + Fs + Fli)Cliv)

− klivefunbCliv +
Vlie

Vliv

klievClie (5.15)

dClie

dt
=

Vliv

Vlie

kliveCliv − klievClie + kbindoutClib − kbindinClie − kclliClie (5.16)

dClib

dt
= −kbindoutClib + kbindinClie (5.17)

Kidney:
dCkv

dt
=

Fk

Vkv

(Cart − Ckv)− kkvefunbCkv +
Vke

Vkv

kkevCke (5.18)

dCke

dt
=

Vkv

Vke

kkvefunbCkv − kkevCke + kbindoutCkb − kbindinCke (5.19)

dCkb

dt
= −kbindoutCkb + kbindinCke (5.20)
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Muscle:
dCmv

dt
=

Fm

Vmv

(Cart − Cmv)− kmvefunbCmv +
Vme

Vmv

kmevCme (5.21)

dCme

dt
=

Vmv

Vme

kmvefunbCmv − kmevCme + kbindoutCmb − kbindinCme (5.22)

dCmb

dt
= −kbindoutCmb + kbindinCme (5.23)

Fat:
dCfv

dt
=

Ff

Vfv

(Cart − Cfv)− kfvefunbCfv +
Vfe

Vfv

kfevCfe (5.24)

dCfe

dt
=

Vfv

Vfe

kfvefunbCfv − kfevCfe + kbindoutCfb − kbindinCfe (5.25)

dCfb

dt
= −kbindoutCfb + kbindinCfe (5.26)

Tumor:
dCtv

dt
=

Ft

Vtv

(Cart − Ctv)− ktvefunbCtv +
Vte

Vtv

ktevCte (5.27)

dCte

dt
=

Vtv

Vte

ktvefunbCtv − ktevCte + kbindoutCtb − kbindinCte (5.28)

dCtb

dt
= −kbindoutCtb + kbindinCte (5.29)

Heart:
dChv

dt
=

Fh

Vhv

(Cart − Chv)− khvefunbChv +
Vhe

Vhv

khevChe (5.30)

dChe

dt
=

Vhv

Vhe

khvefunbChv − khevChe + kbindoutChb − kbindinChe (5.31)

dChb

dt
= −kbindoutChb + kbindinChe (5.32)

Other:
dCov

dt
=

Fo

Vov

(Cart − Cov)− kovefunbCov +
Voe

Vov

koevCoe (5.33)
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dCoe

dt
=

Vov

Voe

kovefunbCov − koevCoe + kbindoutCob − kbindinCoe (5.34)

dCob

dt
= −kbindoutCob + kbindinCoe (5.35)

5.2 State-space reduced model for docetaxel distribution

Reduced physiologically-based PK model of docetaxel distribution that preserves blood,

tumor, and bone-marrow drug concentrations:

ẋ = Ax+Bu (5.36)

y = Cx (5.37)

A =



−1.258× 10−4 −1.258× 10−4 5.422× 10−4 −1.825× 10−5 −1.147× 10−5

3.651× 10−4 −1.133× 10−3 −3.706× 10−4 2.44× 10−3 1.631× 10−3

−8.15× 10−4 4.922× 10−3 −1.027× 10−2 −7.773× 10−3 −5.653× 10−3

−4.65× 10−4 2.67× 10−3 1.128× 10−2 −3.372× 10−2 −3.837× 10−2

−2.971× 10−4 1.775× 10−3 −7.655× 10−3 −3.837× 10−2 −0.1122



B =



0.1104

−6.455× 10−2

0.135

0.07957

0.05083


C=

3.1975× 10−4 −1.529× 10−3 2.332× 10−3 1.984× 10−3 −1.267× 10−3

7.672× 10−5 −1.529× 10−3 −6.8348× 10−5 −4.0005× 10−6 2.7321× 10−6
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6.0 Supporting Results for LY30 prediction

6.1 ROC curves for LY30 ≥ 3%

Supporting ROC curves for prediction of LY30 ≥ 3%:
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Figure 31: ROC curve for training data at various time intervals in TEG tracing (≥ 3%).

6.2 Confusion matrices for LY30 ≥ 3%

Supporting confusion matrices for prediction of LY30 ≥ 3%:
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Figure 32: ROC curve for testing data at various time intervals in TEG tracing (≥ 3%).

6.3 ROC curves for LY30 ≥ 8%

Supporting ROC curves for the prediction of LY30 ≥ 8%:

6.4 Confusion matrices for LY30 ≥ 8%

Supporting confusion matrices for the prediction of LY30 ≥ 8%
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Figure 33: Confusion matrix for univariate logistic regression (≥ 3%) of MA+30 data.
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Figure 34: Confusion matrix for univariate logistic regression (≥ 3%) of MA+5 data.
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Figure 35: Confusion matrix for univariate logistic regression (≥ 3%) of MA+3 data.
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Figure 36: Confusion matrix for univariate logistic regression (≥ 3%) of start to MA+30

data.
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Figure 37: Confusion matrix for univariate logistic regression (≥ 3%) of start to MA+5 data.
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Figure 38: Confusion matrix for univariate logistic regression (≥ 3%) of start to 60 minutes

data.
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Figure 39: Confusion matrix for univariate logistic regression (≥ 3%) of start to 35 minutes

data.
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Figure 40: Confusion matrix for univariate logistic regression (≥ 3%) of start to 30 minutes

data.
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Figure 41: Confusion matrix for univariate logistic regression (≥ 3%) of start to 5 minutes

data.
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Figure 42: ROC curve for training data at various time intervals in TEG tracing (≥ 8%).

6.5 ROC curves for 3% ≤ LY30 < 8% vs. LY30 ≥ 8%

Supporting ROC curves for the prediction of 3% ≤ LY30 < 8% vs. LY30 ≥ 8% :

6.6 Confusion matrices for 3% ≤ LY30 < 8% vs. LY30 ≥ 8%

Supporting confusion matrices for the prediction of 3% ≤ LY30 < 8% vs. LY30 ≥ 8%:
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Figure 43: ROC curve for testing data at various time intervals in TEG tracing (≥ 8%).

6.7 Confusion matrices for Multivariate Regression

Supporting confusion matrices for the multivariate LY30 prediction:

77



0 1

Target Class

0

1

O
u

tp
u

t 
C

la
s

s

Training Data MA+30 (8%) Confusion Matrix

7100

95.3%

49

0.7%

99.3%

0.7%

212

2.8%

89

1.2%

29.6%

70.4%

97.1%

2.9%

64.5%

35.5%

96.5%

3.5%

0 1

Target Class

0

1

O
u

tp
u

t 
C

la
s

s

Testing Data MA+30 (8%) Confusion Matrix

7324

95.2%

49

0.6%

99.3%

0.7%

254

3.3%

64

0.8%

20.1%

79.9%

96.6%

3.4%

56.6%

43.4%

96.1%

3.9%

0 1

Target Class

0

1

O
u

tp
u

t 
C

la
s

s

validation Data MA+30 (8%) Confusion Matrix

7080

94.8%

58

0.8%

99.2%

0.8%

255

3.4%

76

1.0%

23.0%

77.0%

96.5%

3.5%

56.7%

43.3%

95.8%

4.2%

Figure 44: Confusion matrix for univariate logistic regression (≥ 8%) of MA+30 data.
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Figure 45: Confusion matrix for univariate logistic regression (≥ 8%) of MA+5 data.
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Figure 46: Confusion matrix for univariate logistic regression (≥ 8%) of MA+3 data.
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Figure 47: Confusion matrix for univariate logistic regression (≥ 8%) of start to MA+30

data.
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Figure 48: Confusion matrix for univariate logistic regression (≥ 8%) of start to MA+5 data.
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Figure 49: Confusion matrix for univariate logistic regression (≥ 8%) of start to 60 minutes

data.
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Figure 50: Confusion matrix for univariate logistic regression (≥ 8%) of start to 35 minutes

data.
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Figure 51: Confusion matrix for univariate logistic regression (≥ 8%) of start to 30 minutes

data.
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Figure 52: Confusion matrix for univariate logistic regression (≥ 8%) of start to 5 minutes

data.
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Figure 53: ROC curve for training data at various time intervals in TEG tracing (3% ≤

LY30 < 8% vs. LY30 ≥ 8%).

87



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

False positive rate

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

T
ru

e
 p

o
s
it
iv

e
 r

a
te

ROC for Classification (Testing Data, 3%<LY30<8% vs LY30>=8%)--After removing ACT > 150 sec

MA + 30

MA + 5

MA +3

start to MA +30

start to MA + 5

60 min

35 min

30 min

5 min

Figure 54: ROC curve for testing data at various time intervals in TEG tracing (3% ≤ LY30

< 8% vs. LY30 ≥ 8%).
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Figure 55: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of MA+30 data.
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Figure 56: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of MA+5 data.
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Figure 57: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of MA+3 data.
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Figure 58: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of start to MA+30 data.
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Figure 59: Confusion matrix for data of univariate logistic regression (3% ≤ LY30 < 8% vs.

LY30 ≥ 8%) of start to MA+5 data.
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Figure 60: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of start to 60 minutes data.
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Figure 61: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of start to 35 minutes data.
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Figure 62: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of start to 30 minutes data.
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Figure 63: Confusion matrix for univariate logistic regression (3% ≤ LY30 < 8% vs. LY30

≥ 8%) of start to 5 minutes data.
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Figure 64: Confusion matrix for multivariate regression of MA+30 data
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Figure 65: Confusion matrix for multivariate regression of MA+5 data
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Figure 66: Confusion matrix for multivariate regression of MA+3 data
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Figure 67: Confusion matrix for multivariate regression of start to MA+30 data
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Figure 68: Confusion matrix for multivariate regression of start to MA+5 data
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Figure 69: Confusion matrix for multivariate regression of start to 60 minutes data
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Figure 70: Confusion matrix for multivariate regression of start to 35 minutes data
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Figure 71: Confusion matrix for multivariate regression of start to 30 minutes data
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Figure 72: Confusion matrix for multivariate regression of start to 5 minutes data
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