Med

¢? CellPress

Closed-loop automated drug infusion
regulator: A clinically translatable, closed-loop
drug delivery system for personalized drug

dosing

BSAbasedidosing 5-FU concentrations

Clinical challenges vary widely
« Same drug dose for different body types g Therapeutic
+ Results in variability in drug levels 8 window
* Reduced efficacy (underdosing)
Same BSA  + Harmful side effects or toxicity (overdosing) Time

Optimal 5-FU
concentrations
e @ Therapeutic
o 4
o window

Time
Blood sample

Pre-clinical results

CLAUDIA dosing seen in rabbits
Clinical solution Rapid
. . processing
« Personalized dosing CLAUDIA
* Potentially Closed-Loop AUtomated
increased efficacy Drug Infusion regulAtor j

+ Potentially reduced
side effects

HPLC-MS analysis

Control algorithm
UGs) _ Ki NKq <
B TSR =l

s

Calculates optimal Determines 5-FU
infusion rate concentration in blood

Chemotherapy dosing is based on a patient’s body surface area, which ignores
many sources of pharmacokinetic variability, leading to toxicities or lack of
efficacy. DeRidder et al. developed a clinically translatable, closed-loop system
that measures the drug concentration and changes the infusion rate of drug to
maintain the target concentration.

Foundational Research

Louis B. DeRidder, Kyle A. Hare,
Aaron Lopes, ..., Douglas A.
Rubinson, Robert Langer,

Giovanni Traverso

cgt20@mit.edu

Highlights

Current dosing can result in
pharmacokinetic variability and
worse patient outcomes

CLAUDIA is a closed-loop drug
delivery system that can
personalize drug dosing

CLAUDIA uses high-performance
liquid chromatography mass
spectrometry as its sensor

CLAUDIA controls 5-fluorouracil
levels in vivo under clinically
relevant conditions

DeRidder et al., Med 5, 780-796

July 12, 2024 © 2024 Elsevier Inc. All rights
reserved.
https://doi.org/10.1016/j.med;).2024.03.020



mailto:cgt20@mit.edu
https://doi.org/10.1016/j.medj.2024.03.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medj.2024.03.020&domain=pdf

¢? CellPress

Med

Closed-loop automated drug infusion regulator:

A clinically translatable, closed-loop

drug delivery system for personalized drug dosing
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SUMMARY

Background: Dosing of chemotherapies is often calculated according
to the weight and/or height of the patient or equations derived from
these, such as body surface area (BSA). Such calculations fail to capture
intra- and interindividual pharmacokinetic variation, which can lead to
order of magnitude variations in systemic chemotherapy levels and
thus under- or overdosing of patients.

Methods: We designed and developed a closed-loop drug delivery
system that can dynamically adjust its infusion rate to the patient to
reach and maintain the drug'’s target concentration, regardless of a pa-
tient’'s pharmacokinetics (PK).

Findings: We demonstrate that closed-loop automated drug infusion
regulator (CLAUDIA) can control the concentration of 5-fluorouracil
(5-FU) in rabbits according to a range of concentration-time profiles
(which could be useful in chronomodulated chemotherapy) and over a
range of PK conditions that mimic the PK variability observed clinically.
In one set of experiments, BSA-based dosing resulted in a concentra-
tion 7 times above the target range, while CLAUDIA keeps the con-
centration of 5-FU in or near the targeted range. Further, we demon-
strate that CLAUDIA is cost effective compared to BSA-based dosing.
Conclusions: We anticipate that CLAUDIA could be rapidly translated
to the clinic to enable physicians to control the plasma concentration of
chemotherapy in their patients.

Funding: This work was supported by MIT's Karl van Tassel (1925)
Career Development Professorship and Department of Mechanical En-
gineering and the Bridge Project, a partnership between the Koch Insti-
tute for Integrative Cancer Research at MIT and the Dana-Farber/
Harvard Cancer Center.

INTRODUCTION

While the modalities for treating cancer have advanced significantly over the past
decade, the method of dosing chemotherapeutics has not changed, and as a result,
the concentration of chemotherapeutic drugs in patients’ blood can vary widely,
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CONTEXT AND SIGNIFICANCE

Chemotherapies are commonly
dosed based on a patient’s body
surface area (BSA) or weight,
which fails to account for the many
other sources of pharmacokinetic
variability between patients.
These sources of pharmacokinetic
variability are ignored in standard
clinical practice and can result in
suboptimal dosing, which can
reduce efficacy and increase
toxicity. The authors have
developed a medical device that
could enable physicians to control
the concentration of the drugs in
their patient’s blood regardless of
the many factors that could alter
the pharmacokinetics for a
patient. This medical device could
potentially be rapidly translated
to the clinic, where it may be able
to decrease the toxicity and
increase the efficacy of
chemotherapies given to patients.
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which could lead to worse therapeutic outcomes.'™® To date, chemotherapies are
typically dosed based on body surface area (BSA), which is a measure of the surface
area of a person’s body. Clinically, BSA is commonly estimated based on the pa-
tient’s height and weight. Dosing on a BSA basis does not take into account interin-
dividual variabilities in pharmacokinetics (PK) in patients with the same BSA (Fig-
ure 1A)."™* Moreover, within the same patient, the concentration of drug in the
blood can vary significantly during a constant rate infusion; in some patients, the
concentration of a drug can vary over a 10-fold range due to circadian-rhythm-
induced changes in the expression of the drug-metabolizing enzyme (Figure 1A).
Thus, even within the same patient, the concentration of a drug can be 3 times lower
than the target concentration at one point during an infusion and over 3 times higher
than the target at another time during the same infusion. The DuBois and DuBois for-
mula for calculating the ideal BSA based on a patient’s height and weight was devel-
oped in 1916 by empirically fitting data from only nine people, and it is still used clin-
ically today. Moreover, the DuBois and DuBois formula was further simplified into
the widely used Mosteller formula for estimating BSA in a highly cited NEJM paper
in 1987, which results in additional variation to the BSA estimate in the DuBois and
DuBois formula.®

The PK and pharmacodynamics for many chemotherapies have widespread variability
due to a range of factors, including circadian effects, genetic polymorphisms, and
microbiome and food effects, as well as sex differences, as has been reviewed previ-
ously.>”7"° The result of BSA-based dosing is that patients may be overdosed or under-
dosed, resulting in toxicity or lack of efficacy, respectively. Moreover, chemotherapy-
induced toxicity can cause patients to switch, delay, or stop their cancer treatment.
Unfortunately, underdosing is often not recognized clinically and thus could lead to tu-
mor growth or metastasis.'~ This highlights the need to develop an intervention that
can maintain the plasma concentration of drugs within its therapeutic window.

Multiple commercial assays have been developed that enable determination of the
blood concentration of chemotherapeutic agents to inform how to adjust the dose
for the next treatment cycle.'**'¢ This procedure is called therapeutic drug moni-
toring (TDM). In these assays, blood is sampled from a patient one or two times dur-
ing a treatment regimen, manually processed, and analyzed using high-performance
liquid chromatography-mass spectrometry (HPLC-MS) or an immunoassay, such as
the My5-FU (5-fluorouracil) assay.W Indeed, Kline et al. demonstrated that patients
receiving TDM of 5-FU had higher disease-free survival rates and fewer side effects
compared to patients dosed via BSA.® Additionally, phase 2 and 3 clinical trials have
also shown the benefit of TDM over BSA-based dosing.'®"?

However, despite the utility of TDM, it is rarely used when administering chemother-
apies.' TDM is time and labor intensive and requires healthcare workers to sample
blood at regular intervals, quantify the drug concentration, and then adjust the infu-
sion rate. Additionally, TDM does not account for circadian changes in drug concen-
tration, as blood is sampled during normal working hours. Thus, there is an unmet
clinical need for a device that can alter the infusion rate of chemotherapeutic agents
automatically. A closed-loop system measures the blood concentration of the drug
and changes the infusion rate to keep the concentration of the drug within the drug’s
therapeutic window (Figure 1B).?"?* Closed-loop drug delivery devices have
already reached the clinic for other disease states: the artificial pancreas system
for type Il diabetes is the best-known example.?®~?* Herein, we describe a closed-
loop system that can control the concentration of 5-FU in vivo. Although we perform
multiple components of closed-loop automated drug infusion regulator (CLAUDIA)
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Figure 1. CLAUDIA seeks to address the shortfalls of dosing chemotherapies on a BSA basis
(A) Two patients with the same ideal BSA receive the same dose of chemotherapy even if many
other physiological differences exist between them. The resulting imprecision results in PK
variability and subsequent underdosing that results in lack of efficacy and overdosing, which results
in toxicities.

(B) An overview of CLAUDIA. Blood is withdrawn from the patient and is then rapidly processed to
be suitable to be placed onto HPLC-MS for analysis. The HPLC-MS determines the concentration of
drug (e.g., 5-FU) in the blood of the patient, and the control algorithm determines the updated
infusion rate of drug for the patient based upon the error, which is the difference between the
current measured and desired concentration of the drug.

(A) is adapted from DeRidder et al.®

manually in this present work, each step could potentially be fully automated using
commercially available devices, thereby enabling fully autonomous, closed-loop
control of drug concentrations.

RESULTS

Overview of CLAUDIA

CLAUDIA is a closed-loop system capable of being rapidly translated to the clinic
due to its use of commercially available components. CLAUDIA takes blood from
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the patient and performs rapid sample preparation of blood to extract the drug,
which enables the drug’s concentration to be measured using HPLC-MS (Fig-
ure 1B).?**’ The measured concentration of the drug is then input into a control al-
gorithm, which compares the current concentration with the target concentration
(i.e., computes the error) and then adjusts the infusion rate of the drug to keep its
concentration within the therapeutic window. A proportional-integral-derivative
(PID) controller with a derivative filter was selected as the control algorithm for our
system, as PID controllers are simple, highly versatile, and proven to be effective
for our application.?>"?* HPLC-MS was chosen to monitor the therapeutic drug level
and determine the PK profile because HPLC-MS can resolve and identify target an-

alytes in complex bioanalytical matrices, as described previously.'*”

We selected 5-FU as our model drug to evaluate the performance of CLAUDIA, as
closed-loop control of 5-FU concentrations could have large clinical benefit due to
multiple reasons. First, it has been widely used in clinical practice to treat gastroin-
testinal, head and neck, and breast cancers and remains the third most commonly
used chemotherapeutic drug in the world for solid cancers.**%*" Second, there is
large interpatient and intrapatient variability in the PK of 5-FU, which can be lethal
in some patients (Figure 1A).>**? About 80% of 5-FU is metabolized by the hepatic
enzyme dihydropyrimidine dehydrogenase (DPD), and there is genotypic variation
in DPYD (the gene encoding DPD) within the population.“&”'42 Individuals with
different genotypes of DPYD metabolize 5-FU at different rates, which results in
different PK profiles among individuals; patients with two non-functional DPYD al-
leles are at a larger risk of experiencing lethal 5-FU overdoses.” Indeed, the toxicities
due to homozygous mutation in DPYD can lead to death, which led the US Food and
Drug Administration (FDA) to approve uridine triacetate (tradename: Vistogard) for
patients who receive an otherwise fatal overdose of 5-FU.**** DPD activity also fol-
lows a circadian rhythm, and as a result, a patient receiving a continuous infusion can
experience a 10-fold fluctuation of 5-FU concentrations in the course of a single infu-
sion (Figure 1A).”*?7* Importantly, while there is a genetic test available for
screening the DPYD genotype, it is not performed routinely, and it only takes into
account the 3-4 most prevalent DPYD alleles that correlate with 5-FU toxicity.*®
These DPYD genotype tests thus neglect the multiple additional DPYD alleles that
impact 5-FU PK and the additional genes that impact 5-FU outcomes. Moreover,
there are no DPYD phenotype assays available that are practical to use clinically.
Third, 5-FU has a short average half-life (8-22 min) in most patients, making it highly
amenable to control via a closed-loop system.?® And finally, it is dosed by infusion
for 10 to 46 h, thus potentially providing a significant amount of time for the patient
to experience clinical benefit from CLAUDIA keeping the concentration in the ther-

apeutic window. %404

Development and validation of the rapid sample preparation and HPLC-MS
method

After the blood is collected from the patient, the drug must be extracted from the
blood before the concentration of the drug can be determined via HPLC-MS.?°
Traditional sample preparation processes—such as solid-phase extraction, liquid-
liquid extraction, and cleanup via affinity chromatography—take between 30 and
60 min, which is too long to be used in our closed-loop system, because the longer
the time between sampling blood and measuring the drug concentration, the worse
the closed-loop system is able to control the levels of drug in the patient.*® Thus, we
developed a rapid sample preparation process that takes 130 + 3 s (n = 24) and
gives a clear filtrate (Figures STA and S1C). In this process, blood is centrifuged to
separate plasma from the blood cells, and the supernatant is mixed with a 25/75
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methanol/acetonitrile (v/v) mixture, vortexed, centrifuged, and filtered before being
placed on the HPLC-MS. We additionally developed a 4 min HPLC-MS method to
minimize the time between taking the sample and receiving a concentration mea-
surement. We used an Agilent high-resolution, time-of-flight (TOF) MS to enable
us to accurately detect 5-FU concentrations using our rapid sample preparation
method, as dozens of molecules that were extracted from the blood elute simulta-
neously from the HPLC. The system was able to clearly resolve 5-FU from interfer-
ences that differed only by 50-100 ppm (Data S1 Figure 1). Using a control sample,
the mass error was confirmed to be less than 2 ppm for 5-FU with a resolving power
of >7,000.

The sample preparation and HPLC-MS methods were validated for selectivity and
specificity, sensitivity, accuracy, precision, recovery, and stability by directly refer-
encing the FDA industry guide for bioanalytical method development and validation
(Tables STA, S2A, and S2B; Figure S2; Data S1 Figure 1).*” Our method validation
results demonstrated that we obtained a linear calibration curve from 0.5 to
40 mg/L, which covers the clinically relevant concentration range, including the
target range of 2.5-3 mg/L (Figure S2; Table S1A)."® Our inter-day accuracy and pre-
cision (in terms of percent coefficient of variation) were both under 15% at all con-
centrations except the lower limit of quantification (LLOQ) of 0.5 m/L, which had
an inter-day precision of 22.5% (Tables S1A, S2A, and S2B). Our sample preparation
process resulted in 11.7% + 2.4% and 20.6% + 2.8% recovery at the low and high
levels of our method validation, respectively (Figure STA). CLAUDIA's sensing sys-
tem is sensitive and selective, as sample chromatograms demonstrate that 5-FU
and 5-bromouracil (5-BU) were not detected in clean blood processed by
CLAUDIA's sensing system but were detected when the blood was spiked (Data
ST Figure 1). We additionally performed a partial validation of an alternative,
more rapid sample preparation procedure (Figure S1B), and we found it was accu-
rate and precise over a linear range including the clinically relevant concentration
range of 5-FU (Table S1B). In sum, we successfully developed a method to rapidly
determine the concentration of 5-FU using HPLC-MS as the sensor.

Setpoint experiments

Once we had developed CLAUDIA, we compared its performance to BSA-based
dosing to bring the concentration of 5-FU to the clinically determined optimal con-
centration of 5-FU for humans (2.5-3.0 mg/L) in six different rabbits (Figures 2A-
2F)."® We first administered 5-FU as a continuous rate infusion (CRI) whose rate
was determined by the BSA of the rabbit and modeled the PK profile of 5-FU using
afirst-order model of the data (Figures 2A-2C, S3A, and S3B). We used these data to
model our system in SIMULINK to determine the controller gains that would enable
CLAUDIA to perform well under a range of scenarios, as described in the STAR
Methods. In the BSA-based dosing group, the concentration at steady state ranged
from 2.5 to 6 mg/L (Figures 2A-2C), while all CLAUDIA groups reached the target of
2.5-3 mg/L at steady state (Figures 2D-2F). Qualitatively, it was clear that the adjust-
ments of the infusion rate by CLAUDIA (Figures S4A-S4C) allowed the system to
maintain the concentration of 5-FU closer to the target concentration compared
to the BSA-based group (Figures 2A-2F and S5C). Moreover, the percentages of
time within the target window were, on average, 45% + 3% for the CLAUDIA group
versus 13% + 18% for the BSA-based dosing group (Figure 2H, not statistically sig-
nificant). CLAUDIA resulted in an area under the curve (AUC) within the target range
for all three experiments, while BSA-based dosing resulted in no experiments being
in the target range, with one group being under the target and two being above the
target range (Figure 2, not statistically significant). These results demonstrate that
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Figure 2. CLAUDIA can control the concentration of 5-FU in vivo according to multiple
concentration-time profiles

(A-C) Control group dosed by BSA. 5-FU was given as a continuous rate infusion from time 0 to
180 min (the end of infusion is depicted with the arrow) (n = 3 different rabbits).

(D-F) Performance of CLAUDIA in controlling 5-FU concentrations according to a step function (red
line) (n = 3 different rabbits).

(A-F) The optimal therapeutic window for 5-FU is depicted in the shaded blue region.

(G) Root-mean-squared error from the target concentration of 2.75 mg/L for the BSA and CLAUDIA
groups.

(H) Percentage of time points of the BSA and CLAUDIA groups spent below, in, and above the
target concentration.
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Figure 2. Continued

(1) Area under the curve (AUC) for the BSA and CLAUDIA groups. The target AUC range is depicted
by the two horizontal lines.

(J-0) Performance of CLAUDIA in controlling the concentration according to the (J-L) trapezoidal-
like shape and (M-0) tent-like shape.

In all images, the target concentration profile is shown by the red line, and the actual data are
demonstrated by the black datapoints. Data are shown as the mean + standard deviation.
Independent Student’s t test. n.s., no significance.

CLAUDIA is capable of both increasing the amount of time that 5-FU is within the
target concentration and decreasing the extent that the concentration varies from
the target concentration when it is out of range. The concentration-time curves in
the CLAUDIA experiments (Figure 2) were similar to the curves given in the simula-
tions (Figure S3C), demonstrating that our SIMULINK model captures CLAUDIA's
performance and the PK of the rabbit well. Moreover, the initial infusion rate for
the CLAUDIA groups was set to 0 uL/s to enable us to understand the dynamics of
the control system, while the BSA group started and ended at the infusion rate based
upon the rabbit’s BSA. If it was necessary for the concentration to reach the target
concentration quicker in the CLAUDIA group, then the initial infusion rate could
be set to the BSA dose or another infusion rate that is optimal for the performance.

After evaluating CLAUDIA's ability to bring the concentration of 5-FU to the target
concentration in a step function concentration-time profile, we also evaluated its
ability to change the concentration of 5-FU according to additional concentration-
time profiles (Figures 2J-20). 5-FU, like many other chemotherapies, has been
shown to have differences in effectiveness in killing cancer cells as a function of
the time of day the chemotherapy is given to the patient.*®*~>° Thus, we investigated
CLAUDIA's ability to control the concentration of 5-FU in two different concentra-
tion-time profiles, which could be used clinically to give 5-FU via a chronomodulated
schedule, and demonstrated that CLAUDIA could control the concentration of 5-FU
according to both trapezoid-like and tent-like shaped concentration-time profiles
(Figures 2J-20) by adjusting its infusion rate (Figures S4D-S41).

Disturbance experiments

We next sought to investigate whether CLAUDIA could still control the levels of 5-FU
when the PK was pharmacologically altered during the experiment. To achieve this
goal, we administered (E)-5-(2-bromovinyl)uracil, an inhibitor to DPD, the enzyme
that metabolizes 5-FU (Figure 3A).>* Indeed, by giving this inhibitor orally 1.5 h
before a 5-FU bolus, we were able to alter its PK (Figures S5A and S5B). We next per-
formed a preliminary experiment to study the impact of the DPD inhibitor on a CRI of
5-FU by administering the DPD inhibitor 1 h into the experiment (Data S1 Figures 2A
and 2B). This experiment demonstrated that the increase in 5-FU half-life occurs
approximately 90 min after the administration of the DPD inhibitor (Data S1
Figure 2B).

Additionally, we performed an experiment with CLAUDIA after administering the
DPD inhibitor at time 1 h. We used the same control algorithm that we used for
the setpoint experiments and found that the concentration-time profile began to
demonstrate oscillations, which indicates that the DPD inhibitor altered the PK of
the rabbit enough to cause the controller to no longer be able to function properly
(Data S1 Figures 2C and 2D). Specifically, the gain in the rabbit’s PK (i.e., the concen-
tration of 5-FU in the blood for a given infusion rate of 5-FU) increased significantly to
cause the system to become unstable. Thus, we decided to implement an adaptive
tuning approach, where the controller gains (k, k;, kqg) were reduced by a gain factor,
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Figure 3. Disturbance experiments demonstrate the ability of CLAUDIA to control 5-FU
concentrations in the presence of a disturbance
(A) (Left) An inhibitor to DPD (the enzyme that metabolizes 5-FU) was administered to rabbits orally
to alter the PK of 5-FU in rabbits in order to capture the PK variability of 5-FU seen clinically and to
challenge our system with a disturbance. (Right) The experimental layout for both the BSA-based
dosing and CLAUDIA groups. The DPD inhibitor was administered orally at time 0 min for both

groups.

(B-D) For the control, BSA-based group, 5-FU was given for4 h as a CRl on a BSA basis, and then the
concentration of 5-FU continued to be measured for the following hour after 5-FU was no longer
infused into the rabbit (n = 3 independent rabbits). The arrow denotes when the CRI was stopped.
(E-G) The concentration-time profile for the CLAUDIA group (n = 3 independent rabbits). The

target concentration of 5-FU is given by the red line.
(B-G) The blue shaded region represents the target concentration range.
(H) Deviation from the target concentration of 2.75 mg/L.
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Figure 3. Continued

(I and J) The (I) percentage of time points in range and (J) 5-FU AUC for the BSA-based dosing and
CLAUDIA groups.

CRI, continuous rate infusion. Data are shown as the mean + standard deviation. Independent
Student’s t test. n.s., not significant. *p < 0.05 and **p < 0.01. Bonferroni correction applied to ()
(n = 3 tests).

depending on if the concentration of 5-FU exceeded a predetermined threshold for
two different time points during the treatment regimen (Table 1). These gain factors
were determined by understanding that the steady-state concentration is directly
proportional to the system’s gain; we originally planned to apply a proportional
gain factor to counteract these increases in controller gain (e.g., if the concentration
exceeds the target concentration 2-fold, then the gain-factor would be %2). After per-
forming simulations for these situations, we decided to make the gain factors slightly
stronger, as shown in Table 1 (e.g., the gain factor of /2 was applied to concentra-
tions over 5 mg/L instead of 5.5 mg/L).

We decided to give the inhibitor at time 0 min during further experiments (Figure 3A)
so that CLAUDIA would be tested both under nominal conditions during the first 60-
90 min of the experiment and in the presence of a disturbance to the system during
the remaining 150-180 min. When we administered 5-FU as a CRI according to this
scheme, we observed that the concentration of 5-FU was >18 mg/L in all experi-
mental groups and reached a maximum concentration of 22 mg/L in two groups
(Figures 3B-3D), which is over 15 mg/L above the target concentration range of
2.5-3 mg/L. Importantly, 5-FU reached the target concentration range when dosed
on a BSA basis when given as a CRI without the DPD inhibitor (Figure 2A). Signifi-
cantly, the variation in 5-FU PK with and without the DPD inhibitor replicates the
>8-fold variability of 5-FU observed clinically.*” Since it appears that the concentra-
tion of 5-FU was still increasing at the end of the CRI + DPD experiments (Figures 3B—
3D), the actual steady-state concentration is likely higher than that reached during
our experiment. Thus, our estimated 8-fold variability in 5-FU PK experienced in
the rabbits in our studies with and without the DPD inhibitor may actually be larger
what is observed clinically, which would show that CLAUDIA can perform well overa
larger range of conditions that what is needed clinically.

While all experiments in the BSA-based dosing group reached concentrations of
>18 mg/L when the DPD inhibitor was added (target: 2.5-3 mg/L), when we al-
lowed CLAUDIA to control the concentration of 5-FU, the concentration of 5-FU
only exceeded 7 mg/L at one time point, and it did not exceed 5 mg/L at any other
time points (Figures 3E-3G and S5E-S5G). Overall, the CLAUDIA group deviated
much less from the target range than the BSA-based group (Figures 3H and S5D).
CLAUDIA increased the time in range from 2.50% + 2.89% in the BSA-based
group to 32.43% + 8.58% (Figure 3l). Lastly, the AUC was decreased from
1,632.9 + 348.5 mg min/L in the BSA-based group to 544.6 + 28.2 mg min/L
in the CLAUDIA group (target: 440-528 mg min/L) (Figure 3J). CLAUDIA
decreased the flow rate of 5-FU as a function of time to keep the concentration
of 5-FU within the target range, demonstrating that the ability to stay within the
target range was due to the action of the controller (Figures S4J-S4L). Importantly,
the adaptive tuning method prevented the third disturbance CLAUDIA experiment
from becoming unstable (Figures 3G and S5G). Indeed, the system was beginning
to experience unstable oscillations, but after the adaptive control algorithm went
into effect, the system stabilized, and the concentration monotonically returned to
the target range.
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Table 1. Gain factors that are applied to the controller gains if a concentration threshold was
exceeded twice during the experiment

If concentration exceeds (mg/L): Gain factor
4 3/4

5 172

6 1/3

9 1/5

12 1/10

Cost-utility analysis

We next performed a cost-utility analysis (CUA) of CLAUDIA compared to both BSA-
based dosing and TDM-guided dosing by developing a Markov cohort model of pa-
tients with metastatic colorectal cancer receiving 5-FU combination therapy (Fig-
ure 4A). Our model found TDM to be the cost-effective strategy at the efficiency
frontier with an incremental cost-effectiveness ratio (ICER) of $79,000 per quality-
adjusted life year (QALY) compared to BSA (Figure 4B; Data ST Figure 3).
CLAUDIA was the most effective strategy and yielded an increase of 0.33 QALY
above TDM but had an ICER of $120,700/QALY compared to TDM, which was above
the willingness-to-pay threshold of $100,000/QALY. However, TDM has not been
well adopted in the clinic.”’ Therefore, we also performed a separate analysis of
CLAUDIA compared to BSA only, which found that CLAUDIA was cost effective
compared to BSA with an ICER of $92,500/QALY (Figure 4B). This suggests that
the estimated cost per cycle of chemotherapy using CLAUDIA is cost effective
compared to standard practice. The largest sources of uncertainty in our CUA model
were the impact of CLAUDIA on oncologic outcomes (overall survival, progression-
free survival) and toxicities—because CLAUDIA has not been tested in clinical tri-
als—as well as the device cost. Thus, we then performed one-way sensitivity analyses
of significant parameter inputs of the model, and we found that changes in the cost
of CLAUDIA, utility of being on first-line therapy, relative risk of overall survival for
patients on CLAUDIA compared to TDM, cost of BSA strategy, and utility of being
in the progressed state all caused CLAUDIA to become cost ineffective compared
to BSA-based dosing for some of the values of the parameters included in the sensi-
tivity analysis but only at an ICER of up to $140,000/QALY (Data S1 Figure 4A). Lastly,
we performed a one-way sensitivity analysis on the cost of CLAUDIA to find when it
becomes cost effective compared to the TDM group with a cost-effectiveness
threshold of $100,000/QALY. We found that if the cost of using CLAUDIA was about
$100 less than our base case per cycle of chemotherapy, then it would be cost effec-
tive compared to TDM.

CLAUDIA can detect multiple chemotherapies simultaneously

One of the key benefits of using HPLC-MS as our sensor is that it can be directly
applied to multiple other chemotherapies, which could enable CLAUDIA to control
the concentration of other drugs independently as well as multiple drugs simulta-
neously.”® To demonstrate the ability of CLAUDIA to detect the concentration of
multiple drugs simultaneously, we spiked theophylline, thiotepa, cyclophospha-
mide, irinotecan, and doxorubicin together into blood and performed the same
sample preparation technique that was optimized for 5-FU. We then analyzed the
concentration of the drugs with a 3.5-min HPLC-MS method that was developed
for detecting these multiple chemotherapies simultaneously. The results demon-
strate that we can measure the concentrations of multiple chemotherapies simulta-
neously using our rapid sample preparation and HPLC-MS method (Table S2C; Data
S1 Figure 7). We spiked blood with multiple chemotherapies mixed together and the
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Strategy Cost (USD) Effectiveness ICER ICER compared to
(QALY) (USD/QALY)  BSA (USD/QALY)
BSA 67,900 1.64 - -
TDM 121,300 231 79,100 79,100
CLAUDIA 160,100 2.64 120,700 92,500

Figure 4. Cost-utility model comparing cost effectiveness of BSA, therapeutic drug monitoring,
and CLAUDIA approaches for 5-FU dosing

(A) State-transition diagram showing the health states and transitions in the model.

(B) Cost-effectiveness results. ICER, incremental cost effectiveness ratio.

multiple drugs individually to investigate whether mixing all the drugs together
altered the ability to measure the concentration of the drug accurately and found
that spiking multiple drugs together did not decrease the accuracy of the sensor.

DISCUSSION

Many chemotherapies are dosed on a BSA basis, which leads to significant PK vari-
ability and worse clinical outcomes due to the multiple factors that contribute to a
drug’s PK that BSA-based methods of dosing chemotherapies do not capture
(e.g., genetic polymorphisms, circadian effects, renal/hepatic impairment,
etc.).>”""% In response, we developed CLAUDIA, which is capable of keeping the
concentration of 5-FU within the therapeutic window under a range of PK conditions
(Figures 2 and 3). Previous closed-loop systems that used novel aptamer electro-
chemical-based sensors tailored to specific chemotherapies enabled the concentra-
tion of the chemotherapy being administered to the animals to be detected and the
concentration in the blood to be controlled by adjusting the infusion rate of the drug
into the animal.?>?® CLAUDIA's use of HPLC-MS as the sensor—which is the industry
standard for PK analysis of small-molecule organic compounds in patients—and
other components that are commercially available could enable the rapid translation
of CLAUDIA to the clinic. Additionally, the ability of HPLC-MS to detect multiple
different compounds may enable CLAUDIA to be applied to control the concentra-
tion of multiple different drugs either individually or in combination.”’

CLAUDIA demonstrated the ability to control the concentration of 5-FU in a variety
of settings, including for multiple different concentration-time profiles and in the
presence of a disturbance that mimicked the PK variability observed clinically for
5-FU (Figures 2 and 3).% Indeed, while dosing 5-FU on a BSA basis resulted in PK
variability, CLAUDIA brought the concentration of the drug near the target concen-
tration in all experiments, where the concentration reached the clinically determined
optimal concentration range for 5-FU (2.5-3.0 mg/L) (Figures 2A-2F and 3B-3G). It is
important to note that one experiment in the BSA group (Figure 2A) performed simi-
larly to the experiments in the CLAUDIA group in terms of percentage of time in
range (Figure 2H); however, it underperformed in terms of AUC compared to
CLAUDIA (Figure 21)."® This underscores the fact that if a clinician guesses the
dose of chemotherapy correctly, then the concentration-time profile for that patient
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can be within the target range according to some metrics. However, CLAUDIA
consistently gave approximately the same average deviation from target and per-
centage of time in range among all three groups, demonstrating its ability to keep
the concentration of a drug within the target window regardless of the exact PK dif-
ferences. The adaptive tuning method allowed CLAUDIA to control the concentra-
tion of 5-FU even when the PK of the rabbit was altered significantly in a manner
that modeled patients who do not metabolize 5-FU well (Figure 3). Future versions
of the controller could also be further improved by implementing a more complex
algorithm to detect the presence of oscillations in the system for use in the adaptive
control algorithm, such as using the integral of absolute error.*?

We next sought to determine the cost effectiveness of implementing CLAUDIA clini-
cally by developing a CUA model and found that CLAUDIA is cost effective compared
to BSA. When comparing all three strategies (BSA, TDM, and CLAUDIA), the cost-
effectiveness analysis found TDM to be the cost-effective strategy. However, despite
its performance in our model and its advantages, TDM is not commonly used in clinical
practice, suggesting there are additional costs that were not captured by our anal-
ysis—for example, inconvenience/labor intensiveness for staff and patients. Addition-
ally, compared to TDM, CLAUDIA had an ICER of $120,000/QALY. This is very close to
the standard willingness-to-pay threshold of $100,000/QALY, and many have sug-
gested that the willingness-to-pay threshold should be increased to $100,000-
150,000/QALY, especially for cancer therapeutics.’® Current clinical practice supports
this: for example, atezolizumab, nivolumab, pembrolizumab, rucaparib, niraparib, ola-
parib, and ixazomib, some of which are first-line therapies, all have an ICER above
$200,000, with a maximum ICER of $415,950 for nivolumab.>* Therefore, CLAUDIA
may be cost effective compared to TDM depending on society’s willingness to pay.
Moreover, our model found CLAUDIA to be cost effective compared to the current
standard of care, BSA-based dosing, demonstrating that CLAUDIA may be able to
provide a cost-effective improvement in treatment to patients. Our sensitivity analysis,
which explored the effect of changes in the parameters used in our model, found that
for all ranges tested, the ICER of CLAUDIA compared to BSA remained under
$140,000/QALY (Data S1 Figure 4A), which is below the ICER of other interventions
for patients with cancer treated clinically.

The AUC for 5-FU has been used in the literature to determine the optimal concen-
tration of 5-FU for superior outcomes.'® Often, the AUC is estimated based upon a
small number of time points, which does not take the circadian effects on drug con-
centration into effect, and thus these AUC estimates may be inaccurate due to how
the concentration of 5-FU can vary up to 8-fold for a given patient over the course of
a single constant rate infusion.” CLAUDIA could enable the full concentration-time
profile of 5-FU to be measured, which could lead clinicians to determine superior
correlations and metrics to use to correlate concentration-time data for a drug to
clinical outcomes. Thus, CLAUDIA could enable the true optimal concentration, or
true optimal concentration-time profile, to be determined and used for adminis-
tering 5-FU to patients.

Limitations of study

There are multiple aspects of future work that are needed to address the limitations
of this study before CLAUDIA can reach the clinic. First, we performed the different
steps in the closed-loop process for CLAUDIA manually, and future work will focus
on using commercially available devices to automate all steps of the process (Fig-
ure S1D). Specifically, we could use Agilent’s AssayMap Bravo system, which is an
automated liquid handler, to perform the sample preparation steps of the human
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blood. The Bravo system could use a Captiva EMR-lipid filtration plate for the filtra-
tion step. After the sample is processed in this manner, the samples would be ready
to be loaded onto the HPLC-MS, which directly integrates with the Bravo system.
The HPLC-MS system would be controlled by Agilent OpenlLab CDS Online LC
Monitoring Software, which both controls the HPLC-MS and enables near-real-
time data analysis automatically. The concentration would then be automatically
input into the control algorithm that could be implemented in the OpenLab Online
software, which would then change the infusion rate of a syringe pump controlled by
the software. Likewise, Openlab could control a peristaltic pump to draw blood
from the patient every 4 min. Next, although HPLC-MS has multiple benefits that
make it an ideal sensor for CLAUDIA, one drawback of current HPLC-MS systems
is that they are not portable. Thus, currently, CLAUDIA would be limited to inpatient
use, which could still be beneficial in multiple clinical scenarios. Moreover, multiple
companies are currently working on developing miniaturized MS, and further efforts
in this field could enable CLAUDIA to become a portable system.”® Importantly,
future translation of CLAUDIA will involve delineation of clinical endpoints with
respect to safety and efficacy benefits of CLAUDIA over the current standard of
care, as current clinical trial data are informed by weight- and height-based dosing
measures (including BSA-based dosing) as opposed to strictly controlled systemic
chemotherapeutic levels.

Conclusion

CLAUDIA can control the concentration-time profile of 5-FU under a range of clini-
cally relevant scenarios, and its use of commercially available components may allow
the path to the clinic to be rapid. We demonstrated that CLAUDIA outperforms BSA-
based dosing at maintaining the concentration of 5-FU within the target range under
a variety of different rabbit PK profiles that resembles the PK variability of 5-FU
observed clinically. CLAUDIA may thus increase the efficacy while decreasing the
toxicity of chemotherapy, as multiple studies have demonstrated that individualizing
the dose of 5-FU to patients results in superior clinical outcomes.'®"?°" 5-FU is only
one example of a drug that experiences significant PK variability in the clinic; we
demonstrate that CLAUDIA is capable of detecting multiple additional chemother-
apies simultaneously, and thus further studies should be performed to investigate
CLAUDIA's performance in controlling the concentration-time profile of those
drugs. Moreover, our CUA demonstrates that CLAUDIA is cost effective compared
to the current standard of care for dosing 5-FU (i.e., BSA-based dosing). Overall,
our results support the further development of CLAUDIA toward clinical translation,
as it can control the concentration-time profile of 5-FU and may thereby improve the
safety and efficacy of 5-FU for many patients.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Defibrinated Rabbit Blood

Rockland Immunochemicals

Cat#R109-0100; CAS: N/A

Chemicals, peptides, and recombinant proteins

Fluorouracil Injection, USP

5-fluorouracil (>99%, powder)
(E)-5-(2-bromovinyl) uracil (97%, powder)
5-bromouracil (98%, powder)

Irinotecan hydrochloride (>97%, powder)
Theophylline (>99%, powder)

Thiotepa (United States Pharmacopeia
(USP) reference standard)

Doxorubicin hydrochloride
(certified reference material, powder)

Cyclophosphamide
(certified reference material, powder)

8-chlorotheophylline
(USP reference standard, powder)

Kollisolv® PEG E 300

TWEEN® 80 (Polysorbate 80)

DMSO, anhydrous

Sterile Water (USP 100%)

Sterile Saline Solution (0.9 g/100 mL)

0.9% Sodium Chloride Injection USP diluent
Dextrose Solution (50% w/v)

Acetonitrile (Optima, LC/MS Grade)
Methanol (Optima, LC/MS Grade)

McKesson (Produced by
Accord Healthcare)

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
United States Pharmacopeia

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich (SAFC Commercial)
Invitrogen

Aspen Veterinary Resources, LTD
Aspen Veterinary Resources, LTD
McKesson (Produced by Hospira, Inc.)
Aspen Veterinary Resources, LTD
Fisher Scientific

Fisher Scientific

Cat# 999137, NDC#: 16729-276-68

Cat#F6627; CAS: 51-21-8
Cat#457442; CAS: 69304-49-0
Cat#852473; CAS: 200-084-0
Cat#l1406; CAS: 100286-90-6
Cat#T1633-50G; CAS: 58-55-9
Cat#1664000; CAS: 52-24-4

Cat#PHR1789-200MG; CAS: 25316-40-9

Cat#PHR1404-1G; CAS: 6055-19-2

Cat#1121038-200MG; CAS: 85-18-7

Cat#91462; CAS: 25322-68-3
Cat#8.17061.2500; CAS: 9005-65-6
Cat#D12345; CAS: 67-68-5
Cat#15114151; NDC#: 46066-808-25
Cat#14208186; NDC#: 46066-807-25
Cat#2718500; NDC#: 00409-4888-50
Cat#15784324; NDC#: 46066-801-50
Cat#A955-4; CAS: 75-05-8
Cat#A456-4; CAS: 67-56-1

Deposited data

See Mendeley data and code upload for this paper

This paper

https://doi.org/10.17632/jgfém7x8nb.1

Experimental models: Organisms/strains

New Zealand White Rabbits

Charles River Laboratories

Crl:KBL(NZW)

Software and algorithms

PID control algorithm; SIMULINK model of
system for controller development;

data analysis code; TreeAge cost-effectiveness
modeling software

This paper; Mendeley Data

https://doi.org/10.17632/jgfém7x8nb.1

Other

Mini Centrifuge (6,000 rpm, 2000xg)
Pump 33 DDS (Dual Drive System) Syringe Pump

Crystal Industries
Harvard Apparatus

Cat#MLX-106
Cat#70-3333

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources, data, and reagents should be
directed to and will be fulfilled by the lead contact, Dr. Giovanni Traverso (cgt20@

mit.edu).

Materials availability

This study did not generate any unique reagents.
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Data and code availability

All original code and data have been deposited on Mendeley Data and is publicly
available as of the date of publication according to a CC BY NC 3.0 license.
https://doi.org/10.17632/jgfém7x8nb.1.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design

We developed and validated a method to rapidly extract 5-FU from blood and
analyze it on HPLC-MS. We determined the PK profile of 5-FU in rabbits given a
continuous rate infusion (CRI)—both with and without a DPD inhibitor ((E)-5-(2-bro-
movinyl) uracil) to mimic the PK variability experienced clinically—to inform the
design and tuning of a control algorithm. We evaluated the ability of CLAUDIA to
bring the concentration of 5-FU to the target therapeutic window under basal con-
ditions and in the presence of the DPD inhibitor; we also investigated CLAUDIA’s
ability to control 5-FU concentrations according to other concentration-time pro-
files. Lastly, we performed a cost-utility analysis to evaluate if CLAUDIA could be
cost-effective in widespread clinical implementation.

METHOD DETAILS

HPLC-MS method development for 5-FU

Quantitation of 5-fluorouracil was achieved using an Agilent 1290 UHPLC system,
consisting of a binary pump, autosampler, and temperature-controlled column
compartment, coupled to a dual-nebulizer electrospray ionization (ESI) ‘accurate
mass’ time-of-flight (TOF) mass spectrometer (Agilent Technologies, Santa Clara,
CA). Whole-blood or plasma extracts were injected at a volume of 7.5 ul and sepa-
rated isocratically on a SeQuant ZIC-HILIC column (50 x 4.6 mm, 3.5 um, 200 A)
(Merck Millipore, Darmstadt, Germany) held at 40°C. The mobile phase consisted
of 0.1% formic acid in water (v/v) (A), and acetonitrile (B), flowing at 0.6 mL/min at
a composition of 80% B isocratically. ESI drying gas flowed at 10 L/min with a tem-
perature of 350°C and nebulizer pressure of 40 psig. Spectra were obtained in nega-
tive ionization mode, with a fragmentor voltage of 80 V and capillary voltage of 4000
V, atarate of 1 spectrum/s with a range of 100-1200 m/z. Accurate masses were cor-
rected by bracketing reference mass ions at 112.9855 and 1033.9881 m/z.

Data processing of the output signal was performed using MassHunter Quantitative
Analysis software (Version 10.1). Both 5-fluorouracil and 5-bromouracil eluted at
1.4 min. A retention time tolerance of 0.5 min and an m/z tolerance of +50
ppm was used for peak recognition. Calibration curves were generated by quanti-
fying extracts of spiked blood at known concentration levels from 250 ng/mL to
60,000 ng/mL 5-fluorouracil and fitting with a 1/x-weighted linear regression. A
9-point calibration curve for 5-FU was run for each animal experiment on the day
of the analysis.

Controller design
We used a PID controller with derivative filter.

Ki  NKy4
_+—

1+N
S

C(s) = Ko+

We implemented the controller by using the backward Euler method, as previously
derived.”® To tune our controller, we first modeled our system as a first-order sys-
tem, using the continuous rate infusion experiments to determine the gain and
time constant of our system (Figures S3A and S3B). We then used SIMULINK (version
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R2020b, 10.2) to simulate our system and tune our controller, using an adaptation of
a SIMULINK model previously published.”® We simulated both the 8-min time delay
that is present in our system, and the 4-min sampling rate. We additionally added
noise to our measurements to mimic the noise seen in concentration measurements
with HPLC-MS. We then tuned our controller by first finding the values of Kp and K|
that would result in instability of the system in a proportional-only or integral-only
system, respectively. We then reduced the values of both these controller gains
by at least half, and then we tuned Kp and N empirically via simulations. We
continued to alter the controller gains until we achieved an acceptable rise time
(i.e., under 1 h) that resulted in a stable system under a range of system conditions
(i.e., system gains and time constants) to mimic the widespread PK variability
observed clinically. To prevent issues that may arise due to limitations associated
with the infusion system (e.g., due to the pump leaking), as a safety measure we im-
plemented a rule-based component of our controller. The rule was triggered if the
concentration decreased by 50% or more, while the infusion rate increased for
each of the past two timepoints. If this condition were to be met, then the infusion
rate is kept constant, as the positive feedback loop could result in a runaway infusion
rate. Clinically, when this rule is triggered, the system could also trigger an alarm to
alert the patient’s caregivers that there is a problem with the infusion system. We
decided to use the gains: Kp. 0.2, K;. 0.0003, Kp. 15, and N (derivative filter):
0.009. These controller gains allowed for sufficient control of 5-FU concentrations
under a range of 5-FU PK models in the rabbits according to our simulations (Fig-
ure S3C). We implemented anti-windup in the controller by setting a maximum
and minimum flow rate that could be used at any time. The minimum was set to
0 pL/s, while the maximum was set to 10 pL/s. We implemented the controller using
Python.

In vivo experiments

Rabbits were anesthetized with intramuscular ketamine (35 mg/kg) and xylazine
(5 mg/kg), and intubated using an endotracheal tube, and maintained on 1-3% iso-
flurane in 100% oxygen (1.5-2.5L/min) on a Bain non-rebreathing circuit. During
anesthesia, the rabbits were monitored for heart rate, oxygen saturation (SpO,), res-
piratory rate, end-tidal carbon dioxide (EtCO,), and body temperature. Ophthalmic
ointment was applied to both eyes to prevent corneal drying. Peripheral ear cathe-
ters were placed bilaterally in the auricular artery for blood collection and in the
lateral marginal ear vein for drug and fluid administration. Rabbits received a main-
tenance rate (3-5 mL/kg/h) of lactated Ringer's solution intravenously (IV) and were
kept on a circulating warm water blanket to maintain body temperature during the
procedure. All rabbits used in CLAUDIA experiments were anesthetized in the
same manner and intubated before receiving IV propofol (approximately 0.5-
1.5 mg/kg) for additional sedation during brief transport (<10 min) from the animal
facility to the laboratory space containing the CLAUDIA system. No transport was
performed for the control experiments (i.e., control experiments that observed the
PK of the rabbits during BSA-based dosing without CLAUDIA control of the
concentration).

Due to the potential toxicity of 5-FU that is reported in the literature, the first two rab-
bits administered 5-FU were non-survival experiments and were submitted for post-
mortem evaluation. Findings indicative of respiratory and cardiac toxicities consis-
tent with previous reports®’” led us to perform all subsequent experiments as
non-survival experiments. Following each experiment, rabbits were euthanized by
IV injection of sodium pentobarbital (390 mg) and disposed of in accordance with
MIT EHS requirements.
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For experiments where a DPD-inhibitor was delivered, a 12 Fr red rubber catheter
was passed down the oral cavity and esophagus into the stomach of rabbits under
anesthesia, and any liquid gastric contents were aspirated and discarded. The
DPD-inhibitor was then administered through the catheter and flushed through
the catheter with émL of sterile water. All waste products and biological materials
were treated as hazardous and were handled and disposed of in accordance with
MIT Environmental Health and Safety (EHS) standards.

All animal experiments were performed in compliance with Animal Use Protocols
approved by the Committee on Animal Care at the Massachusetts Institute of Tech-
nology (protocol number: 2207000397). New Zealand White rabbits (Charles River
Breeding Laboratories, Canada; female, 2.6-5.6 kg) were chosen as the model to
evaluate the pharmacokinetics of 5-FU and the performance of the experiments
evaluating CLAUDIA. Female rabbits were chosen for their size and ideal total blood
volume, allowing for frequent blood sampling over the experimental period. Stan-
dard husbandry practices included light cycle of 12 h light, 12 h of dark, ad libitum
water, measured quantity of pellets (Laboratory Rabbit Diet high fiber 5326,
LabDiet), timothy hay, fresh fruit and vegetables.

Bolus experiments

3 mg/kg of a 5 mg/mL 5-FU in saline with 5% dextrose was infused intravenously
through a venous ear catheter to a rabbit over 1 min by a syringe pump (Harvard
Apparatus Pump33DDS). Blood was sampled via arterial ear catheter manually every
2 min for the first 30 min, and then every 2.5 min thereafter for a total of 2-h. During
the experiments where we gave the DPD inhibitor, we administered 8.5 mg/kg of the
inhibitor orally 90 min before the start of the bolus. The DPD inhibitor was dissolved
to 5mg/mLin 3% DMSO, 50% Tween 80, and 47% PEG 300 before being diluted 1 in
3 with sterile water.

Continuous rate infusion experiments

93 mg/m?/h of a 4 mg/mL 5-FU in saline with 5% dextrose was infused intravenously
through a venous ear catheter to a rabbit continuously over 4 h by a syringe pump
(Harvard Apparatus Pump33DDS) with the blood being sampled every 4 min manu-
ally from an arterial ear catheter. The infusion then was stopped, and blood was still
sampled for another hour; every 2 min for the first 20 min and every 4 min for the next

40-min. The BSA of the rabbits were calculated from the following equation®”.

BSA [m?] = 0.11 + BW[kg]*®

For CRI + DPD inhibitor experiments, 8.5 mg/kg of the inhibitor was given orally right
before the start of the infusion of the drug (i.e., right before time 0 min), as described
above, and blood was sampled every 4 min for the duration of the experiment.

CLAUDIA experiments

These experiments were performed identical to the CRI experiments, except that the
infusion rate was adjusted according to the control algorithm. Every 4 min, blood
was sampled, immediately processed using our rapid sample preparation method,
analyzed on our rapid HPLC-MS method, the resulting concentration was input into
our controller, which was used to adjust the infusion rate of 5-FU into the rabbits. In
the disturbance experiments, we administered 8.5 mg/kg of the DPD inhibitor orally
0 min into the experiment. The total duration of the experiment was 4 h. Concentra-
tion data for the closed-loop groups is plotted as the time the blood was sampled
from the rabbit (and not the time the measurement was made from the HPLC-MS,
which was 8 min later).
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Methods for HPLC-MS method validation for 5-FU

For the calibration curve, we made three separate stock solutions of 5-FU at 1 mg/mL
concentration to make 3 independent calibration curves. Then, keeping all vials
separate, we serially diluted each 1 mg/mL stock down to both 0.1 mg/mL and
0.01 mg/mL. We spiked 225 uL blood with the appropriate 5-FU stock solution,
diluting with water as needed. For example, for the 60 ppm concentration, we pipet-
ted 15 pL of the 1 mg/mL stock and 10 pL of water into the 225 plL of blood, which was
mixed by pipetting up and down. The blood was centrifuged for 30 s and 50 uL of the
resulting plasma was added to 300 pL of 25:75 methanol:acetonitrile with 5-BU (5
ppm). The mixture was vortexed and then centrifuged for 30 s. The supernatant
was aspirated into a syringe and filtered through an FS Overmolded 13 mm syringe
filter into an HPLC vial. For the QC samples, the same process was performed, using
anindependent fourth stock of 5-FU. The accuracy is demonstrated as the average of
the accuracies, and the precision is the % CV of the accuracies. The limit of detection
(LOD) was calculated by multiplying the standard deviation of the N = 6 QCs near the
LOD (at 0.5 mg/L) by 3, and dividing by the slope of the calibration curve, as previ-
ously described.”® The calibration curves used a 1/x weighting of the concentrations.

For the recovery experiments, we made three independent calibration curves of sin-
gle blanks spiked with 5-FU, which served as the “100% recovery” samples that we
compared our samples that were produced as normal (as stated above). To make the
calibration curves we made three independent stock solutions of 5-FU as above. We
then made a single blank, by processing blood that was not spiked with 5-FU as
stated above. Briefly, 200 uL of blood was centrifuged for 30 s, and 50 pL of plasma
was added to 300 uL of 25:75 methanol:acetonitrile with 5-BU (Sppm), which was
vortexed, centrifuged for 30's, and filtered. To 200 pL of filtrate we added the proper
amount of 5-FU stock solution to make the concentration of 5-FU in the filtrate the
target concentration. We repeated this to make the complete calibration curve.
The concentration of the filtrate for the sample produced with the normal sample
preparation method (i.e., spike blood with 5-FU and then process the samples using
our sample preparation method) were determined compared to the 100% recovery
calibration curve. The recovery was determined by dividing the calculated concen-
tration of the sample to the ideal concentration. The analysis was performed using
Agilent MassHunter Quantitative Analysis’ software. Validation was guided by the
FDA'’s guidance to industry.”’

We additionally performed a partial validation of the more rapid, alternative sample
preparation technique that we developed. Briefly, 200 pL blood was added to 600 pL
of 25%/75% methanol/acetonitrile with 5 ng/mL 5-bromouracil. The mixture was
vortexed for 5 s, centrifuged for 30 s, the supernatant was aspirated into a syringe
and then filtered. An overview of this process is shown in Figure S1B. We performed
the validation using this method using the same procedure as above. For the recov-
ery experiments, we produced single blanks using this method with blood that was
not spiked, and then spiked the filtrates with 5-FU as described above to serve at the
“100% recovery” samples.

Method for the multiple chemotherapies HPLC-MS method and method
validation

HPLC-MS method. Chemotherapeutic drugs were separated and quantified on an
Agilent 1290 liquid chromatography system coupled to a 6224A time-of-flight mass
spectrometer (TOF MS, Agilent Technologies, Santa Clara, CA, USA). Separations
were performed on an Agilent Poroshell 120 SB-Aq column (2.1 x 50 mm, 1.9 pm
dg), held at 25°C, by injecting 5 pL of sample and eluting with a mobile phase of
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0.1% formic acid in water (v/v, A) and acetonitrile (B) at a flow rate of 1 mL/min. The
gradient program used was 0 min, 2% B; 0.5 min, 2% B; 3.5 min, 100% B. The dual
electrospray ionization source used nitrogen gas at 350°C, 11 L/min, at a pressure of
40 psig. The capillary voltage was set to 3500 V and the fragmentor voltage to 150 V.
Mass spectra were acquired from 100 to 3000 m/z at a rate of 2 Hz. ToF acquisition
was made in the positive mode. A continuous flow of a reference mixture through the
second source nebulizer was used to calibrate the mass axis at 121.0509 m/z and
922.0098 m/z.

Data processing of the output signal was performed using MassHunter Quantitative
Analysis software (version 10.1). The following parameters were used in the analysis

Med

Retention time (minutes) Retention time tolerance (+minutes) m/z
Irinotecan hydrochloride 1.755 1.0 587.2830
Theophylline 1.286 1.0 181.0647
Thiotepa 1.505 0.5 190.0489
Doxorubucin hydrochloride 1.779 0.5 544.1740
Cyclophosphamide 1.724 1.0 261.0248

A 100-ppm m/z tolerance was used for all compounds. A 9-point calibration curve
with 1/x-weighted linear regression was used to generate calibration curves by
quantifying extracts of spiked blood at known concentration levels from 0.5 mg/L
to 60 mg/L.

Method validation for the multiple chemotherapies. The method validation for the
HPLC-MS that was designed to analyze multiple chemotherapies simultaneously
was performed as was the case for 5-FU, except here the three independent stock
solutions used for this analysis had the multiple different chemotherapies mixed
together in each of three independent stock solutions of the drug mixtures. The cali-
bration curves were created with these stock solutions, and the QCs used a fourth
independent stock solution of the multiple chemotherapies mixed together. For
the single chemotherapy QCs, we spiked blood with a single chemotherapy to
identify if mixing the chemotherapies together impacted the results. 8-chlorotheo-
phylline at 5 ppm in the extraction solvent served as the internal standard for all
samples.

Cost-utility analysis (CUA)

A Markov model of previously untreated mCRC patients on FOLFOX6 was devel-
oped to compare the cost-effectiveness of the closed-loop system compared to
traditional BSA dosing and TDM using TreeAge Pro Healthcare 2020. We followed
a cohort of 62-year-old men and women for a lifetime time horizon. All patients
started in the stable on FOLFOXé state. They could remain stable, progress to sec-
ond-line treatment with FOLFIRI, or die due to the cancer or background death (i.e.,
normal causes of death for a person at the given age) (Figure 4A). The patient could
remain in the progressed state before death due to cancer or background death but
could not return to the stable disease state. Patients could change states after each
cycle of chemotherapy, and the cycle length was set to 2 weeks to simulate the time
between treatments in mCRC patients receiving FOLFOX6. In our model we utilized
a US healthcare perspective, with a willingness-to-pay threshold was set to
$100,000.°" All costs and QALYs were discounted by 3% annually.®* Half-cycle
correction was applied to all cycle costs and state utilities. The primary outcomes
are the incremental cost to effectiveness ratio (ICER), incremental cost, and
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incremental effectiveness. Capitain et al. was used for the TDM arm and Schmoll
et al. was used for the BSA arm.'”®® The cost per cycle of the BSA, TDM and
CLAUDIA groups were estimated as described in detail below. Briefly, the BSA
group included the costs of drugs, administrative costs, 3 h at the infusion center,
and costs for taking the portable infusion pump home. The TDM group included
the costs of the BSA group plus the cost of the TDM test, and 1 h of a nurse’s assis-
tance to perform the TDM. The CLAUDIA group included the costs of the BSA group
plus the costs of CLAUDIA, which was estimated by adding the cost of disposable
materials to the upfront cost of CLAUDIA discounted over the expected number
of uses. The upfront cost of CLAUDIA was the cost of an HPLC, MS, automated sam-
ple preparation device, autosampler, controller, and infusion pump. Annual mainte-
nance costs were likewise distributed to the expected number of uses in the given
time frame. The costs of the progressed state with patients receiving FOLFIRI was
~$53 less than in the FOLFOX6 arm, due to the differences in drug costs. All costs
were converted to 2019 US dollars using the US Consumer Price Index.®* In esti-
mating the efficacy of the CLAUDIA group, since CLAUDIA will essentially perform
TDM at multiple timepoints instead of just taking a blood sample at a single time-
point, we assumed in our base case that CLAUDIA will better than TDM in terms
of reducing toxicities and extending both PFS and OS. We estimated the relative
risk (RR) of CLAUDIA compared to TDM to be 0.75, 0.75, and 0.85 for toxicities,
PFS and OS, respectively, and performed a one-way sensitivity analysis on these pa-
rameters, as well as other parameters (Data S1 Figures 4 and 5).

Transition probabilities were estimated from literature values. Ideally one study
comparing the impacts of BSA and TDM dosing with the FOLFOXé regimen in
mCRC patients would have been used. However, such a study does not exist, and
we thus used two different studies for the BSA and TDM arms separately. Capitain
etal. was a Phase Il clinical trial studying the impact of TDM on FOLFOX6 treatment,
and was used for the TDM arm of the model, but since they did not report Kaplan-
Meir (KM) curves for the BSA arm, we used Schmoll et al. for the BSA arm, which
was a Phase Il randomized control clinical trial in mCRC patients, with one arm as
a BSA based dosing of FOLFOX6.'7* We overlaid the KM curves for the raw data
from the paper and the KM curves generated by the software to demonstrate the
model can replicate the published data (Data S1. Figure 6). Additional limitations
inherent to the study design include differences in study population, adjunctive
use of bevacizumab, and dosing of 5-FU and leucovorin (the initial dose of 5-FU
was 2500 mg/m? compared to 2400 mg/m? in the BSA arm and the dose of leuco-
vorin was 200 mg/m2 instead of 400 mg/m).w'é’3 Whenever a patient received
FOLFOXé treatment, they could experience diarrhea, neutropenia, mucositis or fi-
bromyalgia (i.e., the most common toxicities with FOLFOX6 treatment), which
incurred disutilities and costs (see Table S3). The probability of non-cancer based
deaths (i.e., background deaths) was determined using data from the CDC.%°

We set the RR for OS between CLAUDIA compared to the TDM group to 0.85, as the
RR of the rates of overall death between the BSA and TDM arms was 0.85."7°% The
RR for the rates of progression was 0.25 between the BSA and TDM arms; we
decided to set the PFS RR between CLAUDIA and TDM arms to 0.75.'%%% The RR
for toxicities between CLAUDIA and TDM arms was assumed to be 0.75 in the
base case, as there was a 95%, 86%, and 28% reduction in mucositis, diarrhea,
and neutropenia, respectively, observed between the BSA and PK arms in Capitain
etal.'” We assumed the majority of toxicities occurred when patients were receiving
treatment, and we used this value to determine the rate of toxicities observed during
the study. In Schmoll et al. the median time duration of exposure to chemotherapy
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was 210 days, which was about 70% of the time of median PFS. Since the time of
duration was not provided in Capitain et al., we estimated that the time of exposure
was 11 months (e.g., 70% of the median PFS for that study).

There are multiple limitations of our CUA model. First, CLAUDIA has not been tested
in preclinical experiments nor clinical trials to compare its effectiveness to TDM and
BSA-based dosing; thus, the estimated RR values that attempt to capture its thera-
peutic benefit could be incorrect. Second, the lack of a clinical study directly
comparing BSA-based treatment and TDM in a FOLFOX regimen and reporting
the overall survival and progression free survival curves, required us to select two
different studies for both arms of the model. Capitain et al. was the best available
TDM paper, and thus we chose the BSA-based treatment paper to match this
TDM study best. We chose a BSA-based paper that treated patients at similar dates,
as that would infer that other elements of the standard of care for metastatic colo-
rectal care would be most comparable.’” Thus, we choose to use Schmoll et al. as
the BSA-arm, as the patients were treated within a similar time range (Schmoll
et al.: 2006-2009, Capitain et al.: 2000-2007), patients were selected from 28
different countries, and the clinical trial was a double blind clinical trial.®> There
were other studies that used FOLFOX in the treatment of mCRC that had superior
OS of patients than in Schmoll et al.,***” but these studies had shortfalls that
excluded their use in the CUA; one study required patients to be wild type
KRAS,®” and another study was conducted with an open-label design, was conduct-
ed from 2008 to 2012, and was conducted completely in one country.®® Third,
although the cost estimates for CLAUDIA take most aspects of the potential cost
of CLAUDIA into account, when the system is implemented clinically this estimate
may prove to be incorrect. Fourth, we assume that our system will be used at desig-
nated infusion centers and that the patients will require minimal medical attention
once the patient is hooked up to the system since everything will be automated.
Due to this, we assume the costs associated with being in the infusion center during
the infusion is similar to the cost for a hotel room, as we consider the costs of
CLAUDIA and healthcare providers separately. Moreover, it is possible that infusion
centers specific for CLAUDIA could be built to serve patients being served by this
system. Additionally, we assume that the information gained during the first 4 h of
cancer treatment is not sufficient to program a wearable pump that the patient could
then wear as is used in current clinical practice with a BSA-based dosing schedule. If
we were able to program a wearable pump using the information from the first 4 h of
the infusion, then we significantly over-estimated the costs for our system in our pre-
sent model, and therefore underestimated its cost-effectiveness. This is because our
system would be able to be used for up to 11-times more patients, as we currently
estimate that one CLAUDIA system will be needed for one patient over a 46-h
period, and thus if the patients only need our system for 4-h each, then 11-times
more patients can use our system, therefore decreasing both the portion of the over-
head cost each patient pays and the costs associated with each specific patient (i.e.,
cost of filters, time spent in the clinic, etc.). Moreover, future work developing mini-
ature HPLC-MS systems may enable CLAUDIA to become wearable, in which case
the patient would be able to receive the additional 42-h of chemotherapy at home
after going into the clinic for the first 4-h of treatment, as in the BSA and TDM sce-
narios, thereby also decreasing costs.

We calculated the costs per cycle according to the following equations and the data
in Table S4

e8 Med 5, 780-796.e1-e10, July 12, 2024
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BSA.
cost of drugs + outpatient doctor visit + 4 hours infusion center x cost per hour of infusion center chemo

+ prolonged infusion at home with pump

TDM (PK monitoring). BSA cost + cost of the PK test + nursing cost for 1 h of infusion
center work.

A nurse will on average be required to spend an additional 1 h with patients on the
TDM (PK monitoring) taking blood and doing other tasks necessary for TDM (PK
monitoring).

CLAUDIA group. The costs are the cost of CLAUDIA plus the costs stated in the
BSA group, except in the CLAUDIA group the patient does not wear the pump
at home.

(BSA cost — long term infusion at home with pump) + costs of CLAUDIA

Where cost of CLAUDIA (per cycle) equals:

upfront system cost annual maintence

T+ + disposables cost + infusion center
number of uses over lifetime = number of annual uses

Where the infusion center costs are the costs associated with being a patient in the
infusion center.

sample preparation device N MS
4 patients/device 10 patients/MS

upfront system cost = cost of |HPLC + control system + infusion pump +

The cost of the MS and sample preparation device is divided by 10 and 4 patients/de-
vice, respectively, because the devices can be used for 10 and 4 patients simulta-
neously, respectively. Ten patients can be monitored by one MS simultaneously
because the 5-FU and 5-BU peaks elute in <0.3 min time frame (see Data S1 Figure 1)
and each patient will only have blood sampled every 4 min. Thus, the MS could monitor
up to 13 patients simultaneously if the injections are properly staggered, and Agilent
sells equipment that can take the samples from multiple different HPLCs simulta-
neously and place it onto the MS. We conservatively said that each MS could serve
10 patients at a given time. Similarly, the sample preparation method we developed
takes ~2 min and has two 30 s centrifuge steps. Thus, if the steps are properly stag-
gered, the same sample preparation device can be used for 4 patients simultaneously.

365 days

ber of I =
number of annual uses = > Jays per chemo cycle

x percent of year running
It was assumed that the machine would run for 75% of the year, giving necessary time
for maintenance. | assumed additionally that the device could be used over 15 years,

given the regular maintenance that would be performed on the system.

number of uses over lifetime = number of annual uses x number of years of device lifetime

disposables cost = cost filters + cost solvent

cost filters = cost per filter x number of samples per chemo cycle

Med 5, 780-796.e1-e10, July 12, 2024 €9
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samples

hour

number of samples per chemo cycle = 46 hours x 15 = 690 samples

QUANTIFICATION AND STATISTICAL ANALYSIS

We computed metrics quantifying the performance of CLAUDIA in a step response
compared to BSA-based dosing to reach the target concentration range of 2.5-
3 mg/L. While extracting the time the concentration was below, in, or above the
target concentration, only timepoints from time 24-min after the infusion started
to the end of the CRI or the end of the step for the CLAUDIA groups was used for
the calculation. The 24 min timepoint was chosen because it takes a CRI approxi-
mately 4-5 half-lives of the drug to reach steady state, and since we were interested
in extracting the metrics evaluating how CLAUDIA performed once the system
reached steady state (i.e., and not including when it was increasing toward this
point). The area under the curve (AUC) was calculated using data from 24 min to
200 min after the start of the 5-FU infusion by multiplying the measured concentra-
tions by the time spent at each concentration. We summed all these values together
for the total AUC. To determine the percent of timepoints that were below, in or
above the target range, we counted the number of datapoints that were either
below, in or above the target range over this time range and reported the amount
of time in each range as the percent of timepoints in that range. We calculated
the root mean squared error between the actual and target concentration of
2.75 mg/L. For this metric, we used data from 24-min after the start of the infusion
to the end of the step for the CLAUDIA experiments or the end of the CRI for the
BSA-groups. For the line plots of deviation from the target concentration versus
time, we took the difference between the actual concentration and the target con-
centration of 2.75 mg/L. We used Python v. 3.10.5 with NumPy v. 1.23.3, Pandas
v. 1.4.3, Matplotlib v. 3.5.2, Seaborn v. 0.11.2, and SciPy v. 1.9.0 for analysis and
plotting. The statistical test used for each set of data was an independent Student’s
t test, and is included in the figure caption, including any corrections for multiple
tests, as well as the values used for determining significance cutoff values.

e10 Med 5, 780-796.e1-e10, July 12, 2024
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Table S1. Method validation results for sample preparation methods. Related to Figure 1.
Summary results of the method validation for: (A) the optimal sample preparation method, and
(B) the alternative, more rapid sample preparation method. Precision is given as % CV. The
recovery is given as the mean + standard deviation.

A B

Lower Limit of Quantification (mg/L) 0.5 Lower Limit of Quantification (mg/L) 0.5

Limit of Detection (LOD) (mg/L) 0.21162 Limit of Detection (LOD) (mg/L) 0.23857

Linearity Range (mg/L) 0.5-40 Linearity Range (mg/L) 0.5-40

Regression Analysis y=0.21005x + 0.0103 Regression Analysis y=0.37810x + 0.017132
(*=10.9967,n=6) (?=0.99771,n=13)

Intra-day Accuracy (n = 6) 0.5 mg/L +1.5% Intra-day Accuracy (n = 6) 0.5 mg/L +2.1%
2 mg/L -11.6% 2 mg/L +18.7%
10 mg/L -11.3% 10 mg/L -5.9%
40 mg/L +5.7% 40 mg/L +13.7%

Intra-day Precision (n = 6) 0.5 mg/L 13.9% Intra-day Precision (n = 6) 0.5 mg/L 15.6%
2 mg/L 12.6% 2 mg/L 3.8%
10 mg/L 7.2% 10 mg/L 5.6%
40 mg/L 11.8% 40 mg/L 7.0%

Inter-day Accuracy (5 days, n = 30) 0.5 mg/L -11.6% Calibration Curve Accuracy (n = 3) 0.5 mg/L +16.0%
2 mg/L —8.0% 2 mg/L =5.7%
10 mg/L -3.0% 10 mg/L -3.4%
40 mg/L -4.8% 40 mg/L +2.0%

Inter-day Precision (5 days, n = 30) 0.5 mg/L 22.5% Calibration Curve Precision (n = 3) 0.5 mg/L 9.3%
2 mg/L 11.9% 2 mg/L 9.5%
10 mg/L 12.3% 10 mg/L 1.3%
40 mg/L 13.7% 40 mg/L 2.0%

Recovery (n = 6) 2mg/L 11.7 £ 2.45% Recovery (n = 6) 2mg/L 27.5+1.38%
10mg/L 163 +0.63% 10mg/L  26.0+1.53%
40mg/L  20.6 £2.75% 40mg/L  28.5+2.72%




% CV. The

1s10n 1S g1ven as

le method. Prec
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B)

for the (A) QCs and (B) calibration curve. (C) Method validation for multiple chemotherapies
recovery is given as

Table S2. Method validation results over five days for the optimal sample preparation
method and for multiple chemotherapies. Related to Figure 1. Results from each of the 5 days

extracted and analyzed simultaneously

A)
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Table S3. Model parameters for the cost-effectiveness model. Related to Figure 4.

Parameter Base Case Range Reference(s)
Value used for
sensitivity
analysis
Overall parameters
Starting age (years) 62 51,82
Sex Male and 81,52
Female
Discount rate 0.03 0-0.05 Both costs and effectiveness 5
Utilities
FOLFOX 0.85 0.68-1 S4
Progressed 0.65 0.52-0.78 | %4
Dead 0
Disutilities
Diarrhea -0.36 -043t0- |5
0.29
Fibromyalgia -0.45 -0.54t0- |5
0.36
Mucositis -0.087 -0.182t0 0 | %
Neutropenia -0.090 -0.119to- |56
0.060
Overall costs per cycle’
On FOLFOX
BSA 957.95 731.03-
1170.71
TDM 1465.19 1110.03-
1813.71
CLAUDIA 1774 1226-2469
Progressed from
FOLFOX to
FOLFIRI
BSA 906.64 689.98-
1109.14
TDM 1413.88 1068.98-
1752.14
CLAUDIA 1723 1185-2407
Costs for Grade 3/4 Toxicities
Fibromyalgia 13,647 8,368- 54,87
32,632
Diarrhea 84 67-101 S4




Mucositis 5,976 2,822- S8
9,960

Neutropenia 24,518.04 14,973- 89
29,228

Probability of grade 3/4 toxicities

BSA Arm (over 210 days)

Diarrhea 0.12 0.003-0.15 | 5154

Fibromyalgia 0.04 0.011- S4
0.0136

Mucositis 0.15 0.03-0.15 | SLSIO

Neutropenia 0.25 0.24-0.29 | S1.52. 81

TDM Arm (over 11 months)

Diarrhea 0.017 0.003- S1, 84
0.102

Fibromyalgia 0.013 0.002- S4
0.051

Mucositis 0.008 0-0.15 St

Neutropenia 0.18 0.17-0.29 | S

Rate of death per year

BSA

Months 0-9 0.125748

9+ 0.533161

DM

Months 0-11 0.133274

11+ 0.375066

Rate of progression per year

BSA

Months 0-6.9 0.747251583

6.9-15.7 1.207248863

15.7+ 1.758805844

TDM

Months 0-7.5 0.260030287

7.5-20 0.627769409

20+ 0.07073301

Relative Risk (RR) for Closed-loop Arm (compared to the TDM arm) for:
Toxicities 0.75 0.25-1
PFS 0.75 0.25-1
os 0.85 0.25-1

t: all values were adjusted from their reported USD to 2019 USD

. Quote from supplier




Table S4. Costs of multiple items used to estimate costs of BSA, TDM, and CLAUDIA
groups. Related to Figure 4. The supplementary methods described how these values were
combined to estimate the overall cost per cycle of the different treatment groups.

Costs per cycle of chemotherapy’

infusion center for the
infusion

FOLFOX drugs 44391 355.13- | 54512
532.69
FOLFIRI drugs 392.60 314.08- | 54512
471.12
First hour of chemo 169.04 117.35- | 5
224.93
Additional hour of 36.13 26.79- S4
chemo 46.61
Long term infusion 178 127.11- | 813
with pump at home 195
Nurse salary per hour | 35.24 25-53 St4
PK Test 400 300-500 | 54
Costs for CLAUDIA
Cost of CLAUDIA per | 994 622- Estimated described in detail in the
use 1493 Supplemental Methods
Costs used to estimate
the cost of CLAUDIA
HPLC with 150,000 75,000-
autosampler 200,000
Mass spec with ESI 500,000 350,000-
700,000
Automated sample 150,000 25,000-
preparation device 250,000
Cost of controller and | 1,000 750-
infusion pump 3,000
Annual maintenance 50,000 30,000-
cost 70,000
Cost per patient
Cost of each filter 0.19 0.10- Applied 60% discount to research grade
0.24 price for 100 filters to get to an estimated
bulk price
Solvent cost per cycle | 31.70 26.42- Estimated based on the flow rate of the
52.84 HPLC system over 46 hours
Cost of staying at 350 250-600

T: all values were adjusted from their reported USD to 2019 USD
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Figure S1. Rapid sample preparation methods in CLAUDIA, and proposed version of an
automated CLAUDIA. Related to Figure 1. (A) The optimized procedure for sample
preparation. (B) An alternative method for sample preparation, which takes slightly less time than
the optimized procedure. (C) Same picture as the third from the left that is shown in A with
different lighting to demonstrate that there is a protein pellet that formed during this step. (D)
Potential version of a fully automated CLAUDIA system.
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Figure S2. Calibration curves from the 5 days of the method validation of the optimal method
(from Figure S1A). Related to Figure 1. Calibration curve datapoints (black, N=3) and QC
datapoints (blue, N=6) are shown. 95% confidence interval of the CC points is shown, as well as
the linear line of best fit. Graphs were created with GraphPad PRISM v9.5.0.
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Figure S3. Fitting a PK model to the rabbits and simulations of CLAUDIA. Related to
Figures 2 and 3. (A) Model and model parameters for the rabbit PK extracted from the continuous
rate infusions used to tune the controller. (B) Overlay of the data from the CRIs and the model fits.
(C) Results from SIMULINK simulations. The blue line is the desired setpoint. The red line is the
simulated output concentration. The dashed line is the measured concentration, which is the actual
concentration with noise and the delay time added.
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Figure S4. Infusion rates for the CLAUIA experiments. Related to Figures 2 and 3. (A-I)
Infusion rates for the (A-C) step. (D-F) tent, and (G-I) trapezoid setpoint experiments with
CLAUDIA experiments in Figure 2. (J-L) Infusion rates for the CLAUDIA experiments in Figure
3.
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Figure S5. Impact of DPD inhibitor on 5-FU pharmacokinetics given as a bolus and zoomed
in view of the results of the CLAUDIA disturbance experiments. Related to Figures 2 and 3.
(A) Schematic of rabbit, bolus experiment. (B) Bolus PK data. Data is represented as a line plot,
where data points from a single bolus are connected by straight lines. N=3 in the DPD + bolus
group. N=4 in the bolus alone group. (C) Deviation from the target concentration of 2.75 mg/L for
when the CRI was administered in the BSA group and for the entirety of the step in the CLAUDIA
group from Figure 2. The time is the time since the infusion started, as the CLAUDIA group’s step
function did not increase in concentration until 8§ minutes into the experiment. The target range is
given by the shaded blue region between —0.25 and 0.25 mg/L. (D) Root mean squared error from
the target concentration of 2.75 mg/L for the BSA (N=3) and CLAUDIA groups (N=3) from Figure
3. **: p<0.01. Data is mean + standard deviation. (E-G) Data from CLAUDIA group in Figure 3
represented with a zoom in on the y-axis to allow better visualization of the data.
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Data S1. CLAUDIA validation, performance, and cost-effectiveness modeling. Related to
Figures 1, 3, and 4
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Data S1 Figure 1. Example chromatograms and mass spectra. Related to Figure 1. The
extracted ion is (A) 5-FU, and (B) 5-BU. (C-E) Chromatographic separation and TOF detection of
5-FU and 5-BU taken from time point 104 min during one sample rabbit experiment. C) The
extracted ion chromatograms (EICs) of 5-FU (green) and 5-BU (magenta) extracted at their
theoretical [M-H] m/z values, with a 50 ppm error tolerance, overlaid on the TIC and normalized
to the largest chromatographic peak intensities. D and E) Mass spectra of 5-FU and 5-BU with
theoretical m/z and isotopic peak intensities overlaid in red boxes. Chromatographic separation
and TOF’s accurate mass selectivity enable rapid analysis in a complex matrix.
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Data S1 Figure 2. Preliminary experiment used to guide design of the controller. Related to
Figure 3. (A) Schematic of the experiment. (B) Continuous rate infusion determined by BSA
following the scheme in A (N=1). The pump turned off around T50, which resulted in no 5-FU
being infused during this interval. Thus, the datapoints from times ~45-75 minutes were artificially
low because the pump malfunctioned during that time and did not infuse the drug. (C and D)
Preliminary (N=1) CLAUDIA disturbance experiment that informed our design of the controller.
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Data S1 Figure 3. Cost-effectiveness plot of the BSA, TDM and CLAUDIA arms. Related to
Figure 4. The model was simulated using the base case values for all the parameters given in Table
S1, and the overall effectiveness (QALY) and cost (USD) for the BSA, TDM (i.e. PK Monitoring),
and the CLAUDIA strategies were calculated and plotted. The slope of the cost-effectiveness plot
is the incremental cost-effectiveness ratio (ICER) between the two strategies compared.
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Data S1 Figure 4. Tornado diagram of one-way sensitivity analyses performed on all
parameters in our model of (A) CLAUDIA compared to the BSA strategy, and (B)
CLAUDIA compared to the TDM strategy. Related to Figure 4. One-way sensitivity analyses
were performed for all parameters in the model over the values stated in Table S1, and the impact
of changing each of the parameters on the ICER of the CLAUDIA arm compared to (A) the BSA
arm and (B) the TDM arm are given in the Tornado plots. (A and B) The cost per cycle of the
closed-loop system for a patient on either first-line therapy or in the progressed state includes the
costs included in the BSA-based dosing, and the range of parameters included in the sensitivity
analysis for these parameters as described in the Supplemental Methods. The “cost of CLAUDIA
not using BSA costs” is the cost of using CLAUDIA per cycle (for both patients in state disease
and progressed states), without considering the costs associated with the BSA group.
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Data S1 Figure 5. One-way sensitivity analyses of the CUA model. Related to Figure 4. Shown
for all is the ICER of CLAUDIA vs TDM. (A-C) Sensitivity analysis of relative rates (RR) used
between the TDM and CLAUDIA groups with changing the RR for (A) OS, (B) PFS, and (C)
Toxicities. Note the TDM and BSA arms did not change as a function of the RR values because
the RR values were not included in any of the parameters for those groups. (D) One-way sensitivity
analysis on the utility of being on first-line therapy. Sensitivity analysis on the composite costs
(e.g., costs of using CLAUDIA per cycle in addition to shared costs with the BSA group) of using
CLAUDIA in (E) the stable disease state (i.e., first line therapy) and (F) when in the progressed
state. The ICER for CLAUDIA is compared to the TDM group, and not BSA group, in all plots.
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Data S1 Figure 6. Internal validation of PFS and OS curves generated in TreeAge compared
to the original paper data. Related to Figure 4. Both overall survival (OS) and progression free
survival (PFS) curves were generated in TreeAge using the BSA and TDM arms of the model
(blue curves) and were compared to the actual data (orange lines). Capitain et al. was the data
source for the TDM arm, and Schmoll et al. was the data for the BSA arm.
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Data S1 Figure 7. Multiple chemotherapies extracted in a single analysis method validation.
Related to discussion section and Figure 1. (A) Summary of the results, and (B) the calibration
curves and QC values plotted. Graphs were created with GraphPad PRISM v9.5.0.
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