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Technical Report: Scientific Progress and
Accomplishments

Professor Linda Petzold, University of California Santa
Barbara

Abstract

This report describes the UCSB contributions to the Coagulopathy effort to Aim 5:
Develop, Validate and Analyze a Comprehensive Mathematical Model of the Human
Clotting Subsystem. Our accomplishments are in two areas: mathematical modeling,
and data analytics.

Key Words

Mathematical modeling, blood coagulation, disease states of coagulopathy in
trauma, survival analysis

Accomplishments

Mathematical modeling

We began by implementing and validating a basic ordinary differential equation
(ODE) model of the coagulation cascade developed at the University of Vermont.
There were computational challenges due to extreme stiffness and rapid change as
intermediate species depleted. We developed new techniques to deal with these
issues. Then, we developed a partial differential equation (PDE) model, which also
required development of a PDE solver that could deal with the extreme stiffness,
and validated the simulations on the Aim4b microfluidic experimental results. Also,
we developed new algorithms for stochastic simulation of chemical reacting
systems, that were motivated by the extreme challenges of modeling the coagulation
cascade.

We used our solver to study the role of thrombumodulin and flow in localized
coagulopathy. Coagulation has been extensively studied in a well-mixed setting,
where the activation of the anticoagulant protein C by the thrombin-
thrombomodulin complex eventually leads to an inability of the blood to coagulate.
By studying coagulation in a flow model, where some species are present in the
endothelium and others are in the flow, we found that in contract, the act of
thrombomodulin binding to thrombin at the injury site is the dominant mechanism
impairing thrombin generation, leading to an inability of blood to coagulate near the



injury site. Lowering the flow rate exacerbates this process by lowering the supply
of pro-coagulants.

Finally, we developed a computational model for hyperfibrinolytic onset of acute
traumatic coagulopathy. We proposed that the fibrinolytic response, specifically the
release of tissue-plasminogen activator, within vessels of different sizes leads to a
variable susceptibility to local coagulopathy through hyperfibrinolysis. We used a
partial differential equation model to examine the consequences of vessel geometry
differences on fibrinolysis profiles. In addition, we simulated the efficacy of
tranexamic acid treatment on coagulopathy initiated through endothelial tPA
release, and were able to reproduce the time-sensitive nature of the efficacy of this
treatment as observed in clinical studies.

Experiments are currently underway at the University of Vermont to measure
endothelial tPA release following injury.

Data analytics

We developed a data-driven method to uncover the progression of patient states
associated with coagulopathy in trauma, and to identify critical states that might be
targeted for interventions.

In this study, we used time series clinical data for 1413 trauma patients from
University of California, San Francisco (UCSF)/San Francisco General Hospital and
Trauma Center to identify the disease states. The activity levels of factors I, V, VII,
VII], IX, X, ATIII and protein C, and prothrombin time and partial thromboplastin
time were measured at hours 0, 2, 3, 4, 6, 12, 24,48, 72, 96 and 120 during the
course of patients’ hospitalization. We applied a hidden Markov model to the
temporal data and distinguished 6 disease states and 3 stages through which
patients transition after injury. Specifically, we assumed that the blood factor
measurements at each time are generated based on a latent disease state, and that
the disease states satisfy the Markov property. With these assumptions we applied
the hidden Markov model to infer the hidden states from the patients’ blood data.

We found that the states fall into 3 stages: early stage (State 0), intermediate stage
(State 1, 2 and 3) and late stage (State 4 and 5). We note that the temporal
characterization of the stages describes the temporal relationship between the
stages, but not the absolute time of occurrence of any of the states. For example, if a
state in the intermediate stage is going to change to a different state, it will move
into another state in the intermediate stage or a state in the late stage, but it will not
move into a state in the early stage. However, that is not to say that a patient cannot
arrive already in a state from the intermediate stage or the late stage as that does
occur in our data. The state diagram and stage separation are shown below where a
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Apart from temporal relationships, each state can be characterized by its blood
profiles (Fig. 4), its relationships with the other states (Table 3) and its mortality
rate (Table 5). We let P »—,denotes P(z :=n|z ~1=m). State 0, the only state in the
early stage, is characterized by having the fastest clot times and average blood factor
levels. We refer to the state in which patients are more likely to remain for one time
interval as a stable state; otherwise as an unstable state. State 0 is the most unstable
state, in that P 0-0=0.16. Patients in this state are most likely to transition to states in
the intermediate stage, with the highest probability of going to State 1 (P 0~1=0.77).
Since this state is the most unstable, it is the most critical state to influence the
patient’s trajectory and probably the most promising for intervention.

There are 3 states in the intermediate stage (States 1, 2 and 3). The states in this
stage are more stable than the early stage state, but less stable than the late stage
states. The states in this stage have the largest variation of mortality rates and
therefore are the best indicators in terms of patient outcome. State 0 transitions to
State 1 at the highest probability. It is the state with the lowest rate of mortality (P
1-death =0.316) in the intermediate stage. State 1 is characterized by average clot



times and slightly below-average factor levels. This is probably due to the initial
coagulation process using up some of the blood factors, which slows down the clot
times. It is a relatively unstable state, with a relatively low probability of remaining
in the same state (P 1-1=0.57). If the patient moves to a different state, he/she is
most likely to move to State 5 (P 1-5=0.36) or to one of the other intermediate stages
at a much lower probability (P 1-2=0.05, P 153=0.004). The next lowest mortality
rate among the intermediate stage states is State 2 (P 25deach =0.375). It is
characterized by high clot times and low blood factors, with the exception of factor
VIII which is high. State 2 is a relatively stable state (P 2-2=0.76) but is most likely to
transition to State 1 (P 2-1=0.12) and less likely to transition to the late stage states.
State 3 is the state with the highest mortality rate (P 3-deach =0.6) and is
characterized by having the longest clot times and the lowest blood factor levels. It
is also a relatively stable state that is most likely to transition to State 1 but can also
transition to the states in the late stage.

Lastly, there are two states in the late stage (States 4, 5). Both of these states are
very stable and have low mortality. Both of these states have fast clot times and high
factor levels. The differences between these states primarily arise from the blood
factor levels, in which State 4 has higher levels of prothrombin, Factors VII, VIII, X
and protein C, while State 5 has higher levels of factors V and IX and ATIII. Patients
in State 4 are probably healthier as they have lower rate of mortality, shorter clot
times and are more stable (State 5 can transition to State 4, but not vice versa).

It is important to note that the probabilities of the transition matrix do not include
the transition to death or discharge, due to the requirement of equally spaced time
points in the hidden Markov model. Furthermore, patients that recover quickly are
less likely to get the blood sample showing the healthy results. It is most likely for
this reason that the probability to transition to the healthiest late state (State 4) is
higher for the sicker intermediate states (2 and 3) than the healthier one (State 1). It
should also be mentioned that the mortality rates include causes not associated with
coagulation impairment. This, combined with the fact that healthier patients are less
likely to have blood factor data, are reasons why the “healthier” late stage states can
have a higher mortality probability than State 0.

We have also developed models for predicting outcomes for trauma patients, based
on extensions of survival analysis. While data mining techniques have been
proposed to predict mortality for ICU patients using their demographic data,
measurements and notes from doctors and nurses. Most of these techniques suffer
from two main drawbacks. First, they model the mortality prediction problem as a
binary classification problem, while ignoring the time of death as continuous values.
Second, they use topic models to analyze caregiver notes, while ignoring the
relationship between measurements, notes and mortality /discharge outcomes. We
developed a novel model, called the survival topic model (SVTM), which models
patients’ measurements, notes and mortality /discharge jointly, and predicts the
probability of mortality/discharge as functions of time. The idea is that each patient
has a latent distribution of disease conditions, which we call topics. These



conditions generate the measurements and notes, and determine the patients’
mortality. We have derived a mean-field variational inference algorithm for this
model. We fit the SVTM with two outcomes on the Medical Information Mart for
Intensive Care III (MIMIC III) dataset, and obtained some important topics, as well
as demonstrated the relationships between these topics.

Professor Tom Soh, Stanford University

Abstract

We made substantial progress in our Aim 4b work. We made considerable headway
in the development of a new real-time sensor platform that can continuously
measure protein analytes with sub-minute temporal resolution in undiluted whole
blood. We have demonstrated the performance of this device in vitro on a model
target and are working on increasing device stability for long-term in vivo operation.
In addition, we have made significant progress in the development of two new
ultrasensitive protein detection techniques that can quantitatively discriminate
small-fold changes in extremely low-abundance protein levels in complex media such
as blood serum. We have demonstrated that our techniques offer performance far
superior to that of gold-standard commercial assays.

Key Words
Real-time sensor platform, protein detection
Accomplishments

Aim 4b: Microfluidics platform and experiment
Sub-aim |. Development of a real-time fluorescent protein sensor

One of the major goals of our group is to develop biosensor technology capable of
continuous, real-time measurement of coagulopathy biomarkers directly in animals,
and ultimately in human patients. Our first-generation electrochemical device was
published in Science Translational Medicine in 2013 [1]. Meanwhile, we have
developed a second-generation device which is able to utilize a closed-loop feedback
system to control in vivo drug concentrations (P. Mage et al., in final review, 2017).
While we have been able to leverage this platform in order to measure in vivo
concentrations of small molecule drugs directly in live animals, difficulties with
electrode biofouling have hitherto prevented us from directly measuring
concentrations of proteins involved in the coagulation cascade. As a result, during
the previous funding cycle we have begun development of a new sensor platform.

The new sensor is, at its core, a highly automated sandwich immunoassay, which
has been adapted to give a continuous, near-real-time readout (Fig. 1). Our device
utilizes magnetic microbeads as a solid support for a microfluidic fluorescence-



based sandwich assay with incubation times on the order of one minute. The beads
are passively sorted using microfabricated ferromagnetic strips (MFS) into an
optically favorable imaging buffer where they are then imaged with a CCD camera.
In this way we are able to avoid the problems with biofouling which have prevented
the use of previous electrochemical sensor platforms directly in whole blood to
enable monitoring of coagulation proteins. Furthermore, the entire process is
inherently automated as a result of the microfluidic design. Once the footage has
been taken, it is sent to a real-time analysis program we have developed in parallel,
allowing us to quantify the fluorescent signal. The analysis program is capable of
performing approximately two measurements per second.

Mixing and - .
> o .
° Incubation = - -
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Fig. 1: Schematic showing real-time biosensor design. The blood sample is mixed
on-chip with a combination of antibody-coated magnetic beads and fluorophore-
labeled detection reagents. After a short incubation, the magnetic beads are
passively sorted out of the blood sample stream and into a clear buffer stream. Here
they are imaged with a CCD camera and their fluorescence quantified in real time.

For all of the characterization tests performed thus far, we have chosen to use the
human cytokine tumor necrosis factor a (TNFa) as our model target. This is for two
reasons: first, there exist a set of high-performing affinity reagents capable of
forming a sandwich complex, one reagent being a monoclonal antibody and the
other being a recently generated DNA aptamer selected for its specificity in serum (J.
P. Wang et al., in review, 2016).Second, while TNFa is naturally present in the blood



stream, it typically exists at sub-pM concentrations [2]. Since this is quite low
compared to the concentration of proteins we will eventually be attempting to
measure (high pM to nM coagulation proteins such as thrombin), we have been able
to use TNFa as a convenient stand-in protein without worrying about our assay
running up against the physiological background concentration.

In order to test the accuracy and sensitivity of the device, we doped varying
concentrations of TNFa ranging from 100 pM to 100 nM into undiluted whole blood.
We then pumped the doped blood through 8}11‘ device using a syringe pump and
measured the fluorescence of the resulting bead/fluorophore complexes (Fig. 2a).
In order to verify the accuracy of our algorithm's measurements we then took the
mean value of each of the traces and compared that against the median fluorescence
of beads prepared on the bench top and measured with a flow cytometer (BD
FACSVerse). The results are shown in Fig. 2b.
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Fig. 2. (a) After doping undiluted whole blood with varying concentrations of TNFa
and passing it through our device, we measured the fluorescence of the resulting
beads using our detection algorithm. (b) We then compared the mean fluorescence
of each trace against the median fluorescence of beads prepared with the same
concentrations of TNFa on the bench top and measured with a commercial flow
cytometer (BD FACSVerse).

Confident in our device's ability to quantify bead fluorescence with a high degree of
accuracy and with sub-second temporal resolution, we then sought to perform long-
term measurements. This objective proved to be non-trivial due to the tendency of
beads to adhere to the MFS strips and subsequently photobleach during imaging.
Eventually, through a combination of surface treatments, optimization of the flow
rates inside the device, and modifications to the image detection algorithm, we were
successful in gathering over an hour of uninterrupted data using our device. Since
this platform is not designed to measure low-abundance proteins such as TNFa, we
are currently focused on evaluating affinity reagents for other protein targets in the
coagulation cascade, including thrombin and thrombin-antithrombin (TAT)



complex. Considering that the usage of dual affinity reagent recognition is so
ubiquitous, we estimate that it should not be too difficult to adapt our platform to a
new, more physiologically relevant target. Once we have successfully chosen a
target and characterized the device's performance with the new affinity reagents,
we will begin testing the device on live animals.

Sub-aim II. Ultrasensitive and high-resolution protein quantification in
complex media

A chief goal of this work is to develop improved techniques for the quantification of
protein biomarkers in complex biological media such as blood serum. We seek to
utilize the extraordinary sensitivity and multiplexing capabilities of nucleic acid
analysis techniques for the sensitive and quantitative detection of proteins. Our
first-generation technology was published in Angewandte Chemie International
Edition in 2010 [3]. In the past funding cycle, we have developed two second-
generation assay technologies, the digital aptamer PCR assay (daPCR) and the
digital immuno-PCR assay (diPCR), that improve upon the sensitivity, precision, and
multiplexing capability of our first-generation technology.

Our new assay technologies use digital PCR (dPCR) to quantify proteins that are
labeled by DNA aptamers or antibody/oligonucleotide conjugates. The use of dPCR
readout lends the assay high sensitivity and precision, enabling the detection of
small-fold changes of protein levels even at very low abundance [4].
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Figure 4. Scheme of daPCR/diPCR assay. (A) Target proteins in a serum sample are
captured by antibodies coated on magnetic microbeads and labeled with DNA
aptamers (daPCR) or antibody/oligonucleotide conjugates (diPCR) that bind to



different epitopes on the target than the capture antibody. (B) Magnetic separation
allows thorough washing of the bead surfaces to remove unbound material and PCR
contaminants/inhibitors. (C) The affinity reagent is eluted from the bead surface by
a denaturing buffer that disrupts the affinity reagent/target sandwich complexes. (D)
The eluent is analyzed via dPCR, with the measured detection reagent concentration
correlating quantitatively with the amount of target protein present in the original
sample.

The daPCR and diPCR assays are sandwich immunoassays that use matched
antibody/aptamer or antibody/antibody pairs to specifically identify target
molecules in complex samples such as blood serum (Fig. 4). The requirement of
dual target recognition gives the assay the specificity necessary to detect low-
abundance proteins even in the presence of a multitude of other protein species
present at many orders of magnitude higher abundance. The use of a digital PCR
readout gives the assay a linear signal response to increasing target protein
concentrations, enabling the discrimination of sub-2-fold changes in low-fM protein
levels in diluted serum. As a proof of concept, we developed a model daPCR assay
for the quantification of the cytokine TNFa in human blood serum (Fig. 5). We chose
TNFa as a model target because its physiological serum levels are very low (sub-
picomolar, below the assay range of many commercial ELISAs) but are known to
increase in response to traumatic or immune insult, and as a signaling cytokine,
even small-fold changes in TNFa expression levels can have significant downstream
effects [5]. Using a commercially available monoclonal antibody and a DNA aptamer
we recently generated, we developed a daPCR assay protocol that enables us to
discriminate 1.5-fold differences in low-fM TNFa levels in 10% serum (Fig. 5). The
calculated limit of detection of the assay is 1.1 fM in 10% serum (or 11 fM in the
original serum sample), which is more than 10x more sensitive than standard
commercial ELISAs for TNFa.
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Fig. 5. Representative standard curve of daPCR assay for the quantitation of human
TNFa in 10% human blood serum. A 1.5-fold change in TNFa levels can be resolved
with 95% certainty even at levels as low as 5 fM.

To generalize our platform, we have begun developing a model diPCR assay (in
which the aptamer is replaced with a DNA-labeled antibody) for the quantification
of murine TNFa in serum. Thus far, we have tested and identified high-quality



matched antibody pairs against the target, have successfully produced and
characterized highly purified and functional antibody/oligonucleotide conjugates,
and have begun running and optimizing the proof-of-concept diPCR assay. Once
assay performance is satisfactory (in terms of sensitivity, resolution, reproducibility,
etc.), we plan to utilize the developed assay to perform serial measurements of
circulating TNFa levels in mice following bacterial infection, to demonstrate the
applicability of our assay platform for detecting small-fold changes in low-
abundance protein levels in complex biological media such as serum or plasma.
Following this, we aim to extend the platform to enable detection of another murine
cytokine (such as IFNf or IL-1f) whose endogenous circulating levels are much
lower than TNFa and thus undetectable with current commercial assays. We then
aim to again perform serial measurements of the circulating levels of this cytokine
in infected mice, shedding new light on biology that until now has been hidden
below the detection limit of commercially available assays.
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Abstract

The Varnerlab team has developed a multiscale physiologically based
pharmacokinetic (PBPK) model to simulate blood biochemistry and whole-body
physiology following trauma. Our hypothesis is that therapeutic targets estimated
using mechanism enhanced PBPK models, which describe both the biochemistry
and physics of injury, will give higher fidelity predictions of patient response to
therapeutic intervention when compared with static biochemical models. However,
the challenge is scale; current biochemical models of coagulation or complement,
when combined with detailed whole-body biophysical models, generate model
systems that are untractable. Toward this challenge, we have developed reduced-
order kinetic modeling tools, and used these to model blood coagulation, fibrinolysis
and complement along with tools to estimate model parameters. The reduced order
models were identified and tested using literature data, and data generated by the
clinical sites on this program. The collection of reduced order models gave similar
performance on typical data, compared with their full-scale counterparts, albeit
with lumped or phenomenological descriptions of the underlying biochemistry in
some cases. Taken together, we developed reduced-order biochemical submodels
required for the multiscale PBPK trauma model. Combining these with descriptions
of the biophysics of trauma, for example, heart-rate changes and vessel dilation, is
the critical next step for this approach.
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networks important to hemorrhage.
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Developed model parameter estimation techniques for models with many
parameters and potentially conflicting training data.
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