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Abstract

Blood pressure measurements form a critical component of adverse event
monitoring for tyrosine kinase inhibitors, but might also serve as a biomarker
for dose titrations. This study explored the impact of various sources of within-
individual variation on blood pressure readings to improve measurement prac-
tices and evaluated the utility for individual- and population-level dose selection.
A pharmacokinetic-pharmacodynamic modeling framework was created to de-
scribe circadian blood pressure changes, inter- and intra-day variability, changes
from dipper to non-dipper profiles, and the relationship between drug exposure
and blood pressure changes over time. The framework was used to quantita-
tively evaluate the influence of physiological and pharmacological aspects on
blood pressure measurements, as well as to compare measurement techniques,
including office-based, home-based, and ambulatory 24-h blood pressure read-
ings. Circadian changes, as well as random intra-day and inter-day variability,
were found to be the largest sources of within-individual variation in blood pres-
sure. Office-based and ambulatory 24-h measurements gave rise to potential bias
(>5mmHg), which was mitigated by model-based estimations. Our findings
suggest that 5-8 consecutive, home-based, measurements taken at a consistent
time around noon, or alternatively within a limited time frame (e.g., 8.00 a.m. to
12.00 p.m. or 12.00 p.m. to 5.00 p.m.), will give rise to the most consistent blood
pressure estimates. Blood pressure measurements likely do not represent a suf-
ficiently accurate method for individual-level dose selection, but may be valuable
for population-level dose identification. A user-friendly tool has been made avail-
able to allow for interactive blood pressure simulations and estimations for the
investigated scenarios.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Blood pressure readings form a critical component of adverse event monitoring
for tyrosine kinase inhibitors (TKIs), but have additionally gained attention as a
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biomarker for individual-level dose titrations due to their population-level relation
with treatment outcome.

WHAT QUESTION DID THIS STUDY ADDRESS?

Proposing an initial population-level dose and finding the best individual-level
dose represent two very different undertakings. Due to the dynamic nature of
blood pressure and issues related to measurement practices, measured values
may differ from the true baseline value, potentially giving rise to inaccurate dose
recommendations. The current study quantifies both physiological and clinical
sources of measurement error to provide recommendations for blood pressure
measurements and their use for dose titration.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The current work confirms the utility of repeated, home-based measures on simi-
lar samplings times to increase the consistency and accuracy of blood pressure
readings.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

These results could be utilized for population-level dose optimization in clinical
trials, as a potential base for dose selection or dose translation between popula-
tions. However, the practicality of our suggested method for individual-level dose
optimization for clinical practice is limited due to issues related to fear, compli-
ance, and limited time for repeated measures to take place, in addition to dy-

INTRODUCTION

Tyrosine kinase inhibitors (TKIs) represent a group of tar-
geted therapies that form an important component of both
initial (first-line) and subsequent (second-line) therapies
for a wide variety of cancers.' By April 2021, 72 kinase in-
hibitors had received approval for cancer applications by
the European Medicines Agency (EMA), whereas 89 TKIs
had received market authorization for oncological pur-
poses by the US Food and Drug Administration (FDA).2
For many of these TKIs, large variability in dose-response
and dose-toxicity have been observed, giving rise to ei-
ther suboptimal treatment efficacy or treatment-related
toxicities."”>* It is therefore increasingly appreciated that
dose individualization based on biomarkers can be used
to reduce variability in outcomes and maximize treatment
benefit.

Suggested approaches for dose individualization in-
clude those based on pharmacokinetic biomarkers, such
as the a priori genetic cytochrome P450 (CYP) profiling™°
and a posteriori therapeutic drug monitoring (TDM)
of drug plasma concentration,”’ or biomarkers, based
on soluble vascular endothelial growth factor receptor
(SVEGFR)-3,8 neutrophil count,’ or diastolic blood pres-
sure.”'®!! Of these biomarkers, blood pressure is the least
invasive, which might facilitate clinical implementation
and repeated measurements. The TKIs targeting VEGF are

namic changes when drug holidays schedules of TKIs are used.

most often associated with an increase in (diastolic) blood
pressure, particularly axitinib, sunitinib, and sorafenib.?
Given the frequent occurrence of hypertension following
anti-VEGF TKI initiation, blood pressure monitoring al-
ready represents an important component of patient man-
agement for these drugs.*™**

Previous efforts have evaluated blood pressure as a
pharmacodynamic biomarker for dose titration, both as an
absolute (i.e., diastolic <90 mmHg)13 and relative thresh-
old value (i.e., diastolic <7.5% increase).">'° In a prospec-
tive randomized trial of patients with metastatic renal cell
carcinoma (mRCC) in patients with diastolic blood pres-
sure <95mmHg, axitinib titration (n = 56) versus standard
dosing (n = 56) did not yield a higher progression-free
survival,'” even though a previous retrospective analysis
suggested otherwise.'™® A similar evaluation of axitinib
in mRCC found dynamic blood pressure changes to ex-
hibit high measurement accuracy.'"'® However, a study of
sunitinib in gastrointestinal stromal tumors found relative
blood pressure changes to have high measurement error
that obscure informed dose decisions.”"® This issue of
‘measurement noise’ in the use of blood pressure as a bio-
marker for TKI therapy has been coined a decade ago, but
efforts to reduce the various sources of noise have been
lacking.*

Deterministic (i.e., fixed/structural) influences on
blood pressure can occur due to periodic hormonal and
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physiological changes giving rise to a circadian rhythm?!
(Figure 1). Under normal physiological circumstances,
blood pressure will exhibit a nighttime dip, followed by
a morning surge known as the ‘dipper profile’*! Under a
‘non-dipper profile’, blood pressure remains high at night
(£10% decrease from daytime average) due to patho-
physiological vascular rearrangements or medications.*!
Indeed, in several instances it has been observed that TKIs
might reduce the magnitude of the nighttime dip, giving
rise to the ‘non-dipper profile’.*

Stochastic (i.e., random/unpredictable) differences
in blood pressure can arise from unexplained inter- or
intra-individual variability (Figure 1). From a clinical
perspective, inter-day fluctuations have been classified
as unexplained long-term fluctuations (>24h), whereas
intra-day variability would represent unexplained short-
term fluctuations (<24 h).%

Different measurement approaches, such as office ver-
sus home measurements and single versus 24-h ambula-
tory blood pressure measurements,’> can result in biases
due to white-coat hypertension in office-based measure-
ments* or non-randomly missing data samples during
ambulatory measurements.*

A quantitative understanding of how each of the
abovementioned influencers affects blood pressure ac-
curacy will give rise to improved measurement recom-
mendation and possibly reduced measurement noise,
which could increase the utility for dosing practices.
Nonlinear mixed-effects models have been developed
as statistical tools that incorporate biological features
to understand variability in pharmacological and phys-
iological endpoints.”**” Previous efforts have given
rise to blood pressure models that capture the various
deterministic and stochastic aspects related to blood

FIGURE 1 Within-individual
blood pressure variation. Diastolic blood
pressure for one individual patient,
including the underlying baseline

value (gray dashed line), true value
including long-term fluctuations (i.e.,
inter-day variability [black lines]), and
measurements deviating from the true
blood pressure value due to short-term 50
fluctuations (i.e., intra-day variability 0
[black dots]).

Diastlic blood pressure (mmHg)
()]
o
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pressure changes over time.”** In addition, multiple
exposure-response models have become available, link-
ing drug TKI exposure to longitudinal changes in blood
pressure.”' 43¢ However, adaptation of these models
requires a degree of expertise and clinical implementa-
tion might be hampered.

In consideration of the abovementioned issues related
to measurement noise, the aim of the study was to adapt a
model-based approach to (1) determine if blood pressure
can be used for individual-level dosing decisions for anti-
VEGF TKIs and (2) evaluate methods to reduce this mea-
surement noise to optimize accuracy for dosing decisions
(both at population and individual level).

METHODS
Model selection and biomarker evaluation

Blood pressure models were searched on PubMed dur-
ing April 2022, using the terms “blood pressure AND
(NONMEM OR MONOLIX OR ADAPT) OR (non-linear
mixed effects) AND circadian”. Models linking TKI ex-
posure to changes in blood pressure were searched by
“(((PKPD[Title/Abstract]) OR (PK/PD[Title/Abstract])
OR (exposure response[Title/Abstract])) AND (blood
pressure)) AND (kinase inhibitor)”. Backward (and for-
ward) citations were used to identify supplementary mod-
els. Additionally, abstracts from the annual Population
Approach Group in Europe (PAGE), American Conference
on Pharmacometrics (ACoP), World Conference on
Pharmacometrics (WCoP), and Population Approach
Group in Australia and New Zealand (PAGANZ) meet-
ings were searched.

25 50 75 100 125
Time (hours)
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The selection for the blood pressure model to be used
in the simulations was based on the following criteria with
decreasing weight: capacity to describe (1) inter-day vari-
ability, (2) diastolic blood pressure changes, and (3) blood
pressure in Caucasian individuals.

Simulations of physiological influencers

The selected models were translated to the R-based pack-
age mrgsolve (version 0.8.10) with the corresponding pa-
rameter estimates. A virtual population was generated
to emulate real-life patients. Dichotomous covariates re-
ported in the model were randomly selected based on prob-
ability distributions for: age>60years (0.0226/0.9774),
non-Caucasian race (0.38/0.62), and smoker (0.12/0.88;
yes/no), following a reported population distribution.*’

Diastolic and systolic measure were lowered to
70mmHg diastolic and 120 mmHg systolic, respectively,*
to account for the relatively low occurrence of primary
hypertension at start of therapy. All selected models were
linked to describe the relationship between TKI dose, con-
centration, and blood pressure changes.'®*%*

Subsequently, simulations were performed to assess
the impact of the following influencers on measurement
consistency:

I. Circadian rhythm (deterministic effect).
II. Inter-day variability (stochastic effect).
I11. Intra-day variability (stochastic effect).
IV. Dipper to non-dipper changes (deterministic effect).
V. Inaccurate documentation of drug intake time (deter-
ministic effect).

Diastolic blood pressure was selected as the simulated
variable, because of its current use in dose titration and
in pharmacodynamic biomarker studies.”"'® The con-
sistency in blood pressure between two measurements
within an individual (BP; (t,) and BP, (t,)) was initially as-
sessed based on random absolute difference (Equation 1),
and the absolute difference between the maximum mea-
sured blood pressure and the minimum measured blood
pressure within individuals (BP; [max] and BP; [min]). A
summary measure of the latter was the population mean
maximum variation (MMV) (Equation 2).

ABP = BP, (¢1) — BP, (2) (1)

MMV — Z;q:l BP; (max) ; BP; (min) @

Each physiological source of measurement noise was
investigated separately to evaluate the impact on the

MMV. In order to isolate the impact of each investigated
influencer, other sources of intra-individual biomarker
fluctuations were omitted during the corresponding simu-
lations. For the investigations of circadian rhythm (I), the
influence of inter- and intra-day variability was fixed at 0.
Recordings were performed at random timepoints within
a defined time window to mimic a realistic scenario (e.g.,
8.00 a.m. to 5.00 p.m. and 7.00 a.m. to 10.00 p.m., respec-
tively). Likewise, investigations of the impact of inter- and
intra-day variability (II-IIT) were performed at the same
time points of the day, to avoid any influences from cir-
cadian changes. Here, the recordings were performed at
the following timepoints to mimic realistic scenarios: 7.00
a.m., 8.00 a.m., 12.00 p.m., 5.00 p.m. and 10.00 p.m.

Model adjustments were made to mimic the poten-
tial switch from dipper profile to non-dipper profile (IV)
under treatment with TKIs. For this purpose, population
parameter changes between dipper and non-dippers were
derived from a previous investigation® and translated into
the blood pressure model. A 50% reduction in circadian
amplitude was introduced with an associated increase
in baseline blood pressure in order to account for non-
dippers, resulting in a reduced nighttime dip with a pre-
served morning peak.38 Measurement consistencies were
here determined by comparing the dipper profile with
non-dipper profile within each individual.

Under steady-state conditions, the time of TKI dose
intake was increasingly shifted away from the baseline
afternoon dosing time of 12.00 p.m., in increments of
1h, to explore the impact of inaccurate dose intake or
documentation (V). Blood pressure was then assumed to
be measured the following afternoon (i.e., 24-h thereaf-
ter). Changes in blood pressure values were compared to
changes if the dose would have been taken at the default
time of 12.00 p.m. (i.e., noon) within each individual.

Simulations of measurement practices

Following a similar approach, the limitations of different
measurement practices were evaluated. In these simu-
lations, all sources of measurement noise were added
simultaneously to represent a real-life scenario. The in-
vestigated conditions were:

1. Office-based measurements.
II. Home-based measurements.
III. 24-h ambulatory blood pressure measurements.

For the office-based scenario (I), an additional pa-
rameter was added to the model to account for the oc-
currence of white-coat hypertension. The values for this
parameter derived from a previous comparison between
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ambulatory blood pressure monitoring and office-based
measurements.*® For each patient, a parameter repre-
senting white-coat hypertension was drawn from a given
distribution (i.e., dBP 6.2 +5.57 SD).* Desensitization to
white-coat hypertension was explored by gradual decrease
of the sampled white-coat hypertension value to 50% be-
tween visit 1 and 4 (e.g., 12.5% per visit), as described in a
previous study.**

Home-based measurements (scenario Ila) were sim-
ulated following the same procedure, but without the
inclusion of white-coat hypertension. Additionally,
the scenario (IIb) of multiple measurements (three
samples; ‘rich sampling’) on a single day (i.e., the op-
timized time points around 11.00 a.m. and 12.00 p.m.)
was simulated.

Following the information derived from the previous
simulations (I-II), measurement times that provided
the lowest degree of within-individual variability were
used for the office- and home-based measurements. For
both the office- and home-based measurements, record-
ings were performed once per day using the previously
optimized timepoint. The accuracies of office- and
home-based measurements were thereafter evaluated
using datasets with an increasing number of daily mea-
surements to compute the mean (e.g., values on days
1-10). All simulated measurement observations con-
tained both inter- and intra-day variability. The mean
of all measured values for each individual up to the last
sample time was then compared to the ‘true’ individ-
ual blood pressure (BP,,,.) at the sampled time (i.e.,
simulated blood pressure without inter- and intra-day
variability):

ACCUraCyoEFICE/HOME measurements (3)
= (BPmean, measured — BPtrue)/ BPirye X 100%.

In the 24-h ambulatory measurement scenario (III),
blood pressure values were simulated to be recorded
every 15min between 12.00 a.m. and 11.59 p.m. To ac-
count for missing values, various percentages (10%-
90%) of measurements were randomly removed from
the dataset. This process was repeated for measurements
made solely during daytime (7.00 a.m. and 10.00 p.m.)
to evaluate the possibility of measurement bias due to
higher waketime activity and related measurement er-
rors. Each simulated sample contained both inter- and
intra-day variability. Final blood pressure accuracy was
determined by comparing the average of all measured
blood pressure during 24 h for one individual (ranging
from 10 to 96 measurements during a day) with the
‘true’ average blood pressure (BP . 24 nruer i-€-» the
simulated average 24-h blood pressure without inter-
and intra-day variability):

ASCPT

ACCurac}’AMBULATORY measurements — (BPmean 24 h, measured
—BP /BP X 100%.

mean 24 h, true) mean 24 h, true

“)

Model-based individual estimations for
different measurement practices

A model-guided individualization approach was evalu-
ated following a simulation-estimation-prediction
procedure in NONMEM (version 7.4). The previously
simulated individual blood pressure measurements, rep-
resenting either office-based, home-based (rich and poor
sampling) measurements, or 24-h ambulatory blood pres-
sure measurements, were used for this purpose. All data-
points included both inter- and intra-day variability. The
selected blood pressure model and population param-
eters, including white-coat hypertension where applica-
ble, was applied to estimate individual parameter values
based on the simulated data (Table S1). Similar to the di-
rect clinical measurement scenario, varying numbers of
measurements were explored to evaluate the impact of
number of recordings on the accuracy in the parameter
estimates. For office-based measurements two scenarios
were evaluated:

1. A scenario with (biased) model-based estimations,
where the model was not informed about presence
and degree of white-coat hypertension.

2. A scenario without (non-biased) model-based es-
timations were evaluated, where the model was in-
formed about presence and degree of white-coat
hypertension.

Individual parameters were obtained through
Bayesian feedback using the original population and re-
sidual error parameters to inform the model. Estimated
parameters representing the individual difference from
the typical patient (;) were subsequently used to pre-
dict individual blood pressure profiles (IPREDs). The
individual predicted blood pressure profiles were then
compared to the simulated (‘true’) individual profiles to
evaluate the difference between ‘true’ and ‘estimated’
blood pressure. The comparison was made between
the underlying profiles without inter- and intra-day
variability:

AccuraCYhome /office, estimations = (BPmean, estimated — BPtrue)/

BP0 X 100%.
(5)
AccuracYambulatory, estimations = (BPmean 24 h, estimated
- BPmean 24 h, true)/BPmean 24 h, true X 100%. (6)
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For both the home- and office-based estimations, an in-
termediate step was performed to evaluate the influence of
sampling time on model predictions. Selection of the most
accurate sampling time was based on the 24-h time point
that gave rise to the highest accuracy.

Interactive tool for model-based
simulations and estimations

An interactive R-based app was created to facilitate data
simulation, estimation, and visualization following the
various scenarios. The user-friendly interface was con-
structed using the dplyr (Version 1.0.5), ggplot (Version
3.3.3), shiny (Version 1.6.0), and shinythemes (Version
1.2.0) packages.*®*! The tool was adjusted to allow for the
estimation of individual parameter estimates, based on
user-provided data input. The objective function of resid-
ual sum of squares** was minimized to derive individual
parameter estimates:

P 2
) (BPU - BPl-j)

b log ()" +

=T -1 =
OBquwres = Zj:l +1; Q7

2
Ojj

(7
where BP; denotes the jth blood pressure observation of the
ith individual, ¢ the residual unexplained variability, #inter-
individual random variability, and Q represents the covari-
ance matrix for inter-individual variability.

RESULTS

Model selection

Seven circadian blood pressure models*®>* and four
exposure-response models”'**3 were identified. The
model by Trocéniz et al.* was selected (Table S1) over
other identified circadian models for different rea-
sons (Table S2). This model captures blood pressure
changes (BP) (¢) by inclusion of two closed-form cosine
equations:

BP(f) =14 +0; Xexp(n;) X

iXzX(t+n;+xK
1+Z:=1 BZix(1+ﬂz)xcos< ( 123 2a) —02”1)]

where 0 accounts for the fixed-effect parameters, where 5
(inter-individual variability) and k (inter-day variability)
represent the random effect parameters on blood pressure
baseline, amplitude, and peak time.

An exposure-response model of axitinib®* was selected,
as it represents the TKI with the shortest half-life.” The ac-
companying pharmacokinetic model by Rini et al.'® was se-
lected to characterize the exposure in the model framework.

Impact of physiological influencers

Of the 24 simulated scenarios, circadian changes were
shown to be the largest source of blood pressure vari-
ations between two measurements within one individ-
ual, with a MMV of 17.3mmHg on a population level
(Figure 2a). This variation could largely be reduced,
however, by sampling either in the morning (08.00 a.m.
to 12.00 p.m.; MMV = 3.9mmHg) or in the afternoon
office-hour (12.00 p.m. to 5.00 p.m.; MMV = 3.4mmHg)
windows.

Two additional large sources of individual dia-
stolic blood pressure fluctuations were inter-day vari-
ability (MMV = 8.1mmHg) and intra-day variability
(MMV = 6.9mmHg; Figure 2b,c). Although both were
more evenly spread throughout the day, the influence of
inter-day variability was the lowest at noon (12.00 p.m.;
MMV = 7.3mmHg vs. day average; MMV = 8.1 mmHg).

A more systematic bias in blood pressure devia-
tion was seen for the switch from dipper-to-non-dipper
(MMV = 2.4mmHg), where diastolic blood pressure was
almost consistently larger under the non-dipper profile
compared to the dipper profile, or for inaccurate dose
intake documentation (MMV = 1.2mmHg; Figure 2d,e).
Besides the potential bias, the measurement inaccuracy
appears to be relatively low compared to the other dia-
stolic blood pressure influencers.

Based on the above findings of circadian changes, in-
ter- and intra-day variability, and dipper- to non-dipper
changes, the optimal measurement time point and mea-
surement time-windows for blood pressure measure-
ments were fixed at 12.00 p.m. and 12.00 p.m. to 5.00 p.m.,
respectively.

Impact of measurement practices

The accuracy of diastolic blood pressure measurements
under the investigated measurement methods are sum-
marized in Figure 3. Both white-coat hypertension and
missing daytime measurements gave rise to bias in the es-
timated blood pressure values.

For the office-based measurements, the population
distribution of accuracies of the individuals' measure-
ments (day 1; 8.1% [—13.6%-30.6%]) reduced following
multiple measurements (day 10; 5.0% [—4.1%-13.8%]).
However, as expected, a systematic bias was observed also
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Influence of physiological processes on absolute differences in diastolic blood pressure measurements between two

measurements occasions. In each plot, the +5.25mmHg dashed lines represent the proposed blood pressure threshold at which a typical

individual might require dose changes under a tyrosine kinase inhibitor (TKI) (i.e., 7.5% of 70 mmHg). Maximum boxes represent the

maximum difference between two observation times within an individual over 10 measurement occasions, random boxes represent the
difference between two random times of observation within an individual. Each box illustrates the 25th and 75th percentiles with the
population median value. Whiskers are the 2.5th and 97.5th percentiles, respectively. ABP = Consistency: absolute difference between two

blood pressure measurements.

at measurements on day 10. For the home-based measure-
ments, no bias was seen. The accuracy spread between
subjects was initially high (day 1; 0.05% [—16.4%-19.4%])
but demonstrated significant improvement over multiple
measurements (day 10; —0.03% [—6.3%-5.95%]).
Ambulatory blood pressure measurements exhibited a
large population variability (data 10%; —0.05% [—15.1%—
14.4%)) that only marginally decreased with increasing
number of measurements (data 100%; —0.04% [—10.7%-
11%]). The daytime bias (data 10%; —7.3% [—21.1%-4.8%])
reduced, however, with an increased number of available
datapoints (data 100%; —0.4% [—11.1%-10.7%)).

Model-based individual estimations for
different measurement practices

The accuracy of diastolic blood pressure estimations
using a model-based approach was compared to that of

just using the actual clinical measurements (Figure 3).
The most optimal sampling point for model-based es-
timations was found to be at 11.00 a.m. in the morn-
ing. Model-based estimations eradicated bias caused
by office-based white-coat hypertension, but only
when this was considered in the estimation process.
Similarly, bias in missing daytime points for the am-
bulatory measurements disappeared when the average
blood pressure was calculated using a model-based
approach.

Model-based estimations did not notably improve the
accuracy in home-based measurements (measurement/
model-based estimation; day 10; — 0.03 [—6.3%—6.0%]
vs. —0.18 [—5.0%-5.9%]) or ambulatory measurements
that did not include sources of bias (data 100%; —0.4%
[-11.1%-10.7%] vs. 0.3% [—7.3%-12.1%]). For the rich
sampling home-based measurements, the addition
of samples outside the optimized scenario only mar-
ginally improved model-based estimations. Multiple
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FIGURE 3 Influence of measurement practices on the accuracy (% from true mean dBP) of diastolic blood pressure
measurements. Multiple single measurements. Single blood pressure measurement taken at an increasing number of separate
occasions (days 1-10; 12.00 p.m.). Darker boxes represent the office-based scenario, with potential white-coat hypertension. Office
with no bias represents the scenario where model-based estimations are informed about white-coat hypertension. Lighter boxes
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+7.5% dashed lines represent the proposed blood pressure threshold at which a typical individual might require dose changes under
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measurements were not considered in the clinical sam- A Simulation: model-based Monte Carlo simulations of
pling scenario, since it is expected that measurements diastolic and systolic blood pressure, following varying
outside the optimized sampling point will only result in physiological and measurement conditions. The gener-
a decrease in accuracy. ated population and individual blood pressure outputs

are visualized over time, to provide an understanding
of the various sources of variance. A table output is

Model-based interactive tool also generated in a separate tab, which allows users
to download and analyze the dataset in their software

A user-friendly web application (BPx Tool) was devel- of preference.

oped that can be accessed via the following link: https:// B Estimation: model-based Bayesian Feedback estima-

mcentanni.shinyapps.io/BPxTool/. Following the above tions of user-provided diastolic blood pressure mea-

mentioned results, the application was adapted to allow surements. A template dataset can be downloaded in

for the independent performance of two interactive the application, which can be uploaded after measure-

sessions: ments have been added.


https://mcentanni.shinyapps.io/BPxTool/
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DISCUSSION

A mechanistic blood pressure model framework was em-
ployed to quantify sources of within-individual variation,
such as circadian blood pressure changes, inter- and intra-
day variability, transitions from dipper to non-dipper
profiles, white-coat hypertension, and the relationship be-
tween axitinib dose, exposure, and blood pressure changes
over time. Additionally, a user-friendly tool was created to
facilitate performance of both blood pressure simulations
and estimations.

Circadian changes in blood pressure were found to be
the largest potential source of inconsistency when mea-
sured at different times of the day, which is supported by
guideline advices to have separate readings recorded at
the same time of the day.*”’ Inter- and intra-day variabil-
ity were additionally found to cause substantial variations
between two separate readings. The former, long-term
fluctuations, are diminished by measurements over lon-
ger periods of time, whereas the latter, short-term fluctu-
ations, can be reduced through multiple adjacent blood
pressure measurements.> Measurements over several oc-
casions at the same time of the day will therefore enable
averaging of both short-term and long-term fluctuations,
as supported by literature.”® Based on our results we rec-
ommend performing blood pressure measurements at a
fixed time point (preferably 12.00 p.m.) or within a narrow
time frame (preferably 12.00 p.m to 5.00 p.m. or alterna-
tively 8.00 a.m. to 12.00 p.m.).

Regarding the different measurement practices, we
found that home-based, consecutive (>1) blood pressure
measurements provided the most accurate blood pressure
values. According to our results, office-based measure-
ments exhibit a potentially large source of bias due to the
occurrence of white-coat hypertension. The 24-h ambula-
tory measurements retained large inaccuracies due to the
incapacity to account for inter-day variability. In addition,
non-random removal of measurement samples during
wake-time gave rise to bias in blood pressure estimation.
This might also explain the lack of relationship between
sorafenib dose increases and ambulatory blood pressure
elevations.** Although, current guidelines remain cau-
tious on favoring home-based blood pressure measure-
ments, evidence supports its potential benefits.*>*® Based
on our results, we therefore recommend using consecu-
tive, home-based measurements.

Model-based estimations of patients’ blood pressures
can be used to mitigate sources of bias, such as non-
randomly missing sampling points in an ambulatory
scenario or white-coat hypertension for office-based mea-
surements. Despite these potential advantages, model-
based estimations did not largely improve accuracy of
blood pressure readings under the other studied scenarios.

ASCPT

Given the relative simplicity of averaging clinical mea-
surements, compared to using the clinical measurements
in model-based estimations, we recommend utilization of
direct measurements only. This recommendation can only
be given under the assumption that the normally distrib-
uted inter- and intra-day fluctuations allow for averaging
of the measurements.

Because on a previous cutoff for dose titration of
TKIs,'>'® we suggest targeting a <7.5% relative deviation
from the true value in at least 95% of the patients. Based
on these prerequisites, home-based recordings should be
made at 12.00 p.m. (i.e., noon) on five different occasions
to distinguish the true blood pressure from normal inter-
and intra-day variation for 95% of patients. It is likely that
these requirements cannot be met in current oncology
outpatient care due to issues of compliance. In addition,
it may not be possible to determine an adequate blood
pressure baseline, given the need for rapid treatment ini-
tiation and the lack of time for sufficient readings. It is
also expected that patients will exhibit an elevated blood
pressure at baseline due to recent diagnosis or disease pro-
gression that precedes TKI initiation, or alternatively a re-
duced blood pressure due to the use of antihypertensive
treatment. Moreover, the presence of drug holidays will
give rise to dynamic changes in blood pressure that ham-
per accurate measurement of pharmacodynamic effects.
Even with the more frequent use of Dinamap (e.g., within
hospital 30-min readings) these issues will remain. The in-
troduction of wearable smart devices in clinical trials may
pose an interesting method for gathering a large quantity
of data. However, further research will have to evaluate
the measurement noise related to these devices.

Given the practical constraints of within-individual
biomarker measurements it is expected that blood pressure
will give rise to inaccurate individual-level dose decisions.
Previous studies that have established the relationship
between an increase in blood pressure and survival were
largely retrospective studies that have analyzed blood
pressure on a population-level, thus reducing the impact
of within-individual measurement variation. Indeed, in
the previously mentioned prospective axitinib RCT using
blood pressure as a biomarker on an individual level for
<90mmgHg, progression-free survival did not differ sig-
nificantly between the fixed dose and titration groups'
and the more mature overall survival data analysis did not
show statistically significant differences between the two
groups.*’ Inaccurate blood pressure readings might be less
problematic in dose-finding trials, where data are analyzed
on a population-level and individual data noise is of less
influence. Phase I/II clinical trials are generally also better
designed for rich sampling, and blood pressure can hence
serve as a more adequate marker for dose selection.*® With
the perspective of increased pediatric drug development
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focused on extrapolation, blood pressure might addition-
ally be an attractive non-invasive biomarker for PK-PD
and translational studies.*

Our model-based framework has several limitations.
The model-based estimations were made under the as-
sumption that the underlying model and its parameters
were representative for the individual-level estimations.
This assumption was valid, as the virtual patients were
generated from the same model that was used as a prior
for the Bayesian estimations. However, the assumption
may not hold if a model generated for one population is
applied for a somewhat different patient population The
transition of white-coat hypertensions in the model has
limited capacity to describe different sources of white-
coat hypertension (e.g., nurse vs. physician) or more re-
fined habituation.* Similarly, no studies investigated the
transition from dipper to a non-dipper profile on an indi-
vidual level. The values were therefore extrapolated from
population-level data, which might give a misrepresen-
tation of true individual changes. It would be of interest
if future clinical studies were to investigate individual
transitions in dipper profiles under the initiation of TKIs.
Additionally, the investigated ambulatory measurements
were taken every 15min to investigate the influence of
bias in missing values, whereas often measurements are
made less frequently during the night to avoid sleep dis-
ruption. Lastly, our analysis does not account for previous
use, or the initiation, of antihypertensive therapy, which
may impact blood pressure measurements and thus the
capacity to measure changes over time.

To conclude, to increase the accuracy of blood pressure
readings we confirm the utility of repeated, home-based
measures on consistent samplings times. The practicality
of our suggested method for individual-level dose optimi-
zation for clinical practice is limited. Newly diagnosed
patients are often urged to initiate treatment soon after
diagnosis and there may be issues related to fear, com-
pliance, and limited time for repeated measures to take
place, in addition to the use of antihypertensive medica-
tion or dynamic changes when drug holidays schedules of
TKIs are used. The interactive tool presented in this article
can help as a user-friendly support to understand the var-
ious sources of inter- and intra-patient variability to help
design better measurement practices.
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