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Mathematical models for fluid administration:
towards a clinical decision support tool
- Summary -

Intravenous fluid administration is a common perioperative intervention, used to
compensate for fluid loss through bleeding, evaporation and urine production.
The challenge is to avoid complications related to hypovolemia, resulting in hy-
poxemia, and hypervolemia, causing edema, which possibly compromises organ
perfusion. These complications are associated with slower patient recovery and
5% higher mortality rate.

Optimal intravenous fluid administration remains difficult due to high patient
variability and a lack of sensitive patient-specific measurements of fluid status.
Mathematical models may be used to gain more insight into the complex under-
lying physiology and eventually aid in determining patient-specific fluid admin-
istration protocols. Previously published fluid exchange models have not been
introduced in the clinical work flow since they lack the opportunity to connect
to clinically used indices of fluid status, such as pulse pressure variation (ppv)
and stroke volume variation (svv). The aim of this thesis was to make a step
towards a clinical decision support tool for fluid administration, by enhancing
an existing model of fluid exchange with cardiovascular regulation, mechanical
ventilation and drug administration, and formulating model output in terms of
clinically measured signals.

First, we extended an existing fluid exchange model with a regulated model
of cycle-averaged cardiovascular function. This combination allowed us to relate
model outputs on fluid distribution in the body to standard clinical parameters,
such as heart rate and arterial blood pressure. Model parameter settings were
tuned to an experimental dataset, obtained in healthy volunteers subjected to
intravenous infusion. The resulting model was found to correctly predict the
experimentally observed response to intravenous infusion and bleeding in an
independent volunteer study.

Clinically, the effect of fluid administration on hemodynamics (fluid respon-
siveness) can be tested by redistribution of blood through mechanical ventila-
tion, quantified by ppv and svv. To predict these dynamic indices, we converted
the model of cardiovascular hemodynamics from a cycle-averaged one into a dy-
namic one, and extended it with models of the pulmonary circulation and lung
mechanics, to simulate the effect of spontaneous breathing and mechanical ven-
tilation on hemodynamic function. Our results show that we can obtain realistic
changes in ppv, svv, and change in cardiac index for mechanically ventilated,
anesthetized patients after a fluid challenge. A preliminary sensitivity investi-
gation showed that ppv and svv depend on intravascular volume, pericardial and
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vascular properties, in decreasing order. In the future, the developed mathemati-
cal model may be used for interpretation of ppv and svv on the basis of underlying
patient characteristics, potentially leading to a broader use of these indices in the
clinical environment.

Moving towards a clinical application, we obtained a retrospective surgical
dataset in collaboration with Catharina Hospital Eindhoven. To realistically sim-
ulate the clinical patient data, we extended our model with the effect of phar-
macokinetic and -dynamic models for propofol, sevoflurane, phenylephrine, eph-
edrine and noradrenaline. In a pilot study, we compared model predictions on
blood pressure and heart rate with retrospective measured data for three surgi-
cal patients. We concluded that, to model exact intraoperative blood pressure,
all anesthetics, inotropes and vasopressors must be included in the model. How-
ever, to predict an average blood pressure during surgery and fluid distribution
at the end of surgery, vasopressors and inotropes can be omitted.

Finally, since most fluid related complications occur on a time scale of multi-
ple days, we tested our fluid exchange model in an ICU setting in a prospective
study with Maastricht UMC+. We tested the predictive capabilities of the model
for interstitial volume, and investigated the effects of the urine production and
membrane permeability on the interstitial volume model predictions. Our results
show that we can simulate the trends of fluid buildup after fluid administration
with our current model. Additionally, we confirmed that the interstitial volume
works as a buffer, taking up most of the excess administered fluid and thus al-
lowing vascular volume to remain fairly constant. Interestingly, on the long term,
this increase could be determined directly, as the net balance of fluid adminis-
tration, bleeding, urine production and perspiration, while assuming a constant
vascular volume.

In conclusion, we developed and evaluated a mathematical model predicting
fluid responsiveness and redistribution in critically ill patients. This may serve
as a strong basis for a clinical decision support model to guide intravenous fluid
administration and thereby reduce hypervolemia-related complications.
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Wiskundige modellen voor infuustoediening:
richting klinische beslissingsondersteuning
- Samenvatting -

Als patiénten een operatie ondergaan treedt er vochtverlies op door bloeding,
verdamping en urineproductie. Om ondervulling te voorkomen word er door mid-
del van een infuus vocht toegediend. Aan de ene kant kan ondervulling van het
vaatstelsel leiden tot schadelijke gevolgen zoals zuurstoftekort. Aan de andere
kant kan overvulling van het vaatstelsel leiden tot vochtopbouw in de weefsels.
Als gevolg worden de vaten dichtgedrukt, wat de zuurstoftoevoer verminderd en
dit kan uiteindelijk leiden tot een langzamer patiéntherstel en 5% hogere mor-
taliteit.

Het is moeilijk om de balans te vinden tussen onder- en overvulling omdat
er een grote variabiliteit tussen patiénten is en er geen goede directe metingen
voor de vochtbalans zijn. Het doel van dit onderzoek was het ontwikkelen van een
wiskundig model, waarmee uiteindelijk de besluitvorming in de klinische praktijk
ondersteund kan worden. Het model is gebaseerd op kennis van de fysica en fys-
iologie en geeft daarmee inzicht in de complexe onderliggende oorzaken van de
problemen. Door het model te combineren met patiéntspecifieke metingen, kun-
nen er in de toekomst voorspellingen worden gemaakt over de vochtbalans van
de patiént. Uiteindelijk zal dit de arts extra informatie kunnen leveren, waardoor
sommige complicaties kunnen worden voorkomen.

Als eerste stap om dit model te ontwikkelen hebben we een bestaand vloeistof
uitwisselingsmodel uitgebreid met een simpel model voor de hartfunctie. Dit
geeft de mogelijkheid om de model uitkomsten in termen van klinisch meetbare
waarden, zoals gemiddelde bloeddruk en hartslag, te beschrijven. We hebben
de modelwaarden bepaald op basis van een experimentele studie tijdens infuus-
toediening in gezonde vrijwilligers. Met deze waarden kon de gemeten reactie
op bloeding en infuustoediening in een onafhankelijke vrijwilligersstudie goed
worden voorspeld.

In de kliniek wordt het effect van infuusvocht op de bloedcirculatie vaak be-
oordeeld op basis van de variatie van de polsdruk en het slagvolume tijdens
mechanische beademing, de zogenaamde pulse pressure variation (ppv) en stroke
volume variation (svv). Om deze indices te kunnen berekenen, hebben we ons
model uitgebreid met deelmodellen voor het kloppende hart, de longcirculatie
en de longmechanica. Zodoende kunnen we het effect van spontane ademhaling
en mechanische beademing op de bloedsomloop simuleren. Met dit model kon-
den we de ppv, svv en verandering in hartminuutvolume bij beademde patiénten
na een infuus toediening goed voorspellen.
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Om de stap naar de klinische toepassing te maken hebben we in samenwerk-
ing met het Catharina Ziekenhuis Eindhoven retrospectief data verzameld, geme-
ten bij paténten tijdens de operatie. Om realistische operatie kamer data te kun-
nen simuleren hebben we het effect van medicijnen toegevoegd. De operatie van
drie patiénten is gesimuleerd en daarna zijn de modelvoorspellingen ten aanzien
van bloeddruk en hartslag vergeleken met de gemeten waarden. Uit deze studie
kunnen we concluderen dat om het precieze verloop van bloeddruk te kunnen
voorspellen, alle medicijnen moeten worden meegenomen in het model. Echter,
om alleen een gemiddelde bloeddruk te voorspellen tijdens en aan het eind van
de operatie zijn anesthesiemedicijnen voldoende. Dit maakt het model minder
complex en vergt minder rekentijd.

Aangezien de meeste vloeistof-gerelateerde complicaties optreden na meer-
dere dagen is het model ook van belang op de intensive care. Daarom hebben we
in samenwerking met Maastricht UMC+ een studie opgezet waarbij patiénten na
een open-hart-operatie werden gevolgd. De toegediende hoeveelheid vloeistof
en medicijnen, bloeddruk, hartslag en urine productie werden vastgelegd en ge-
bruikt voor simulaties. Uit de resultaten blijkt dat met het huidige model de
trend van vloeistof opbouw na infuus toediening kan worden voorspeld. Met
onze bevindingen hebben we ook kunnen bevestigen dat het interstitium als op-
slagplaats werkt. Het grootste gedeelte van het overschot aan volume wordt hier
opgeslagen, waardoor het bloedvolume vrijwel constant blijft. Op de lange ter-
mijn kan deze opslag zelfs worden afgeschat als de balans van infuustoe-diening,
bloeding, urine productie en verdamping, met een constant aangenomen bloed-
volume.

Samenvattend hebben we een wiskundig model ontwikkeld en getest wat het
effect van vloeistof op de bloedsomloop en de vloeistofsverdeling in het lichaam
kan voorspellen. Dit model kan de basis worden voor een klinisch model om
beslissingen over infuustoediening te ondersteunen en uiteindelijk complicaties
gerelateerd aan overvulling te verminderen.
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Chapter 1
Background & aim of the thesis



1.1 General introduction

Each year more than 200 million liters of intravenous fluids (iv-fluids) are used
in medical interventions in the United States alone (Chowdhury et al., 2012).
These iv-fluids are administered to compensate fluid loss through bleeding, urine
production and evaporation. The goal of administering these fluids is to maintain
tissue perfusion, and thereby oxygen delivery in case of fluid losses (e.g., bleeding
in case of trauma, surgery or other medical interventions). On the one hand,
since a long time it is known that this approach reduces complications related
to hypovolemia (Latta, 1832). A reduced circulating blood volume leads to a
reduced venous return, and eventually hypotension. This triggers a hormonal
response, promoting peripheral vasoconstriction, increasing cardiac contractility
and inducing tachycardia. At a certain level these compensatory mechanisms, to
maintain cardiac output and thereby tissue perfusion and oxygen delivery, will
fail and the metabolic demands of various organ cannot be met. Eventually this
leads to hypoxia with organ failure as result (Guyton et al., 2006).

On the other hand, more recently, it has been shown that high fluid buildup,
due to excessive fluid administration, also causes negative effects on patient re-
covery (Holte et al., 2002; Prowle et al., 2010; Murphy et al., 2009; Schrier, 2010;
Vincent et al., 2006). One of these negative effects is systemic edema buildup,
leading to impaired tissue perfusion due to microvascular compression. This
compression may cause increased peripheral resistance, inhibiting blood flow
and oxygen delivery and eventually leads to disturbed wound healing and, in
extreme cases, organ failure. Another negative effect may be lung edema, fluid
buildup in the alveolar space, which leads to difficulty of breathing and impair-
ment of oxygen uptake. These two extremes show that it is important to find a
fluid administration protocol that avoids hypo-, and hypervolemia (Figure 1.1).

hypovolemia normovolemia  hypervolemia

complications

intravenous volume

Figure 1.1: Schematic illustration of the relationship between intravenous volume and complication
rate in hypo-, normo- and hypervolemia (Adapted from Roche et al. 2009).



The determination of the optimal amount of fluid to be administered is com-
plicated, because it depends on the fluid balance which cannot be measured, and
the associated complications occur in the long run. Fluid administration imme-
diately increases intravascular volume, and improves hemodynamics. Unfortu-
nately, these effects are temporary, leading to fluid build up on the long run and
edema formation in the interstitial space. These difficulties result in wide varia-
tion of fluid administration protocols between practitioners. The global observa-
tional FENICE study by Cecconi et al. (2015) presents an overview of all different
fluid administration guidelines, and how they are interpreted. The authors show
that there is a lack of consensus on fluid administration protocols. Recently, an
expert opinion panel from European Society of Intensive Care Medicine (Cecconi
et al., 2019), noted that this could be explained since there are ‘relevant gaps in
the scientific evidence on fluid administration outside the ICU .. and the authors
...recommend only basic interventions, based more on physiological rationales than
high-quality randomized control trials’. Hence, the expert panel recommends only
continuing fluid administration by observation of a positive response in specific
variables. In this thesis we aim to develop a mathematical model that can be
used to investigate fluid administration protocols and eventually provide clinical
decision support based on physics and physiology. Eventually this may lead to
better prediction of patient response to fluid challenges, before administering
any fluid.

1.2 Fluids are drugs

Fluid administration should be considered as carefully as any other drug adminis-
tration procedure. When administering a drug, one must consider the type, quan-
tity, and timing of administration (Gattas et al., 2013; Lira et al., 2014). There
are broadly three types of intravenous fluids, namely blood products, crystalloids
and colloids (Figure 1.2). Autologous blood products are the most intuitive re-
placement after hemorrhage. To make this possible during surgery, the cell saver
method has been developed (Brzica et al., 1979; CellSaver™). This is a technique
that recycles’ the lost blood from a patient. Approximately 50% of the input is
filtered and recycled and is then given back to the patient. Allogeneic blood
transfusions can be used when no cell saver blood is available. Unfortunately,
there is a scarcity of blood donors and there may be risks due to the immune
response associated to administration of blood or blood components, which can
be minimized by careful blood type crossmatching. These risks are lowest when
administering autologous blood.

As an alternative, synthetic iv-fluids have been developed. Firstly, the mostly
used type of fluids are crystalloids, such as 0.9% sodium chloride (saline) so-
lution and Ringer’s lactate. These are fluids that contain electrolytes in sterile
water, to mimic the mineral content of human plasma. Whereas saline solu-
tion contains only sodium chloride, Ringer’s Lactate is a more balanced solution,
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which contains potassium, calcium and a small amount of lactate. Crystalloids are
cheap and widely available. Water and small ions are easily transported over the
transcapillary membrane. This translates to the notion that crystalloid solutions
rapidly disappear towards the interstitium and only about 30% remains in the
intravascular compartment (Hjelmqvist, 2000). This phenomenon is even larger
in critically ill patients, especially during sepsis or other inflammatory diseases.
These patients may have a high membrane permeability, leading to severe fluid
buildup in the interstitial space. As a result, large volumes are often used, leading
to risks associated with hypervolemia. Besides water, the administered fluid con-
tains a high amount of salt. Since the renal circulation is mainly responsible of
excretion of fluids and salts, there will be an increased renal functional demand.
This may lead to acute kidney injury, especially in combination with a hormonal
response to surgical injury, anaesthesia induced decrease in glomerular filtration
rate, urine volume and ion excretion (Holte et al., 2002).

Secondly there are synthetic colloids such as hydroxyethyl starches (HES) or
dextran solutions, which contain an additional component of a colloidal sub-
stance (e.g. albumin) that does not diffuse easily across the transcapillary mem-
brane. Thus these colloids stay in the vascular compartment and cause a rapid
and prolonged vascular pressure increase. The drawback is that they are less
readily filtered in the kidney, thereby increasing the renal osmotic pressure. This
can lead to adverse consequences such as acute kidney failure. To this end, these
colloid solutions are now no longer recommended for patients with high risk of
renal failure, like septic patients. Additionally, there are some concerns around
toxicity of human albumin and other starches (Davidson, 2006; Schortgen et al.,
2008). The functional outcome and usage of colloids is an espiacially widely con-
troversial topic. Multiple global, multicenter trials have been set up in the past
decade. The CHEST trial (Gattas et al., 2013) was a randomized control trial that
investigated the mortality in 7000 patients who receives HES or saline during
intensive care stay. The authors found no significant difference in 90-day mor-
tality, however there was an increased rate of renal replacement therapy in the
HES group.

crystalloids colloids blood products

a o)
Yo

Figure 1.2: Schematic illustration of the three types of intravenous fluids, crystalloids, colloids and
blood products, used in clinical practice.



Not only the type of fluid, but also determining the quantity and timing is a
highly debated topic. The determination of the optimal amount of fluid to be ad-
ministered is complicated, because it depends on the balance between intravas-
cular and extravascular volume, which cannot be measured. Fluid administration
is even more complex, because complications associated to edema occur at a time
scale of hours and days. This makes it difficult to predict and assess the effect
of a fluid bolus. It can take days to lose the increased volume, often quantified
as an increased total body weight. This results in wide variation of fluid admin-
istration protocols between practitioners. This variation was quantified by e.g.,
Lilot et al. (2015) in a multicenter observational study. Here, it was shown that a
patient weighing 75 kg undergoing a 4 hour procedure with 700 ml of fluid Loss
(400 ml blood loss and 300 ml urine production), will receive between 700 and
5400 ml of crystalloids, depending on the anesthesiologist. This variation clearly
shows that there is no consensus on fluid administration protocols. The analysis
showed that intra-operative hemodynamic and patient variables had less effect
on the fluid administration protocol than the effect of personnel.

The reason for this variation is that fluid administration protocol are hard to
standardize and objective measures to assess volume status (e.g., intravascular
volume) at the bedside are currently lacking. This is important, since it is not
enough to know the amount of fluid loss to predict the amount of fluid a patient
should get. A reason for this is that the patient-specific necessity for fluid is not
only determined by the in- and output of fluid, but also by patient characteristics.
As mentioned, the effect of crystalloids is only temporary, as they move from
intravascular to interstitial spaces inside the body. This fluid shift varies among
patients. Contributing factors to these fluid shifts are anaesthesia and analgesia,
which alter hemodynamic parameters (such as hydrostatic and osmotic pressure),
stress factors and inflammation (leading to increased membrane permeability)
(Holte et al., 2002; Brandstrup, 2006). This is especially evident for patients in
septic shock. Here, the transcapillary fluid exchange is highly disturbed, possibly
leading to high fluid buildup in the interstitial space.

Many clinical trials and meta-analyses have been set up, searching for the
optimal fluid administration protocol. Typically, there are three types of fluid
administration protocols, namely restrictive, liberal and goal-directed fluid ad-
ministration protocols. However, there is no universal definition of each proto-
col, making comparison of different studies is difficult. In goal-directed studies,
target values are defined for one or more hemodynamic variables. Fluid opti-
mization is performed during the surgery so these targets are maintained during
the procedure. Goal-directed therapy has the potential of accomplishing more
consensus in fluid administration, if it is known which goals should be targeted
and at which rate.



Over all, literature seems to indicate that less fluid brings better outcome.
Still, some studies report contradicting findings. This can be explained because
the boundaries of patient-specific optimal fluid volumes remain unclear, and,
more importantly, a very frail patient group is often studied. There may be
many factors contributing to their clinical outcome. Malbrain et al. (2014) show,
through a meta-analysis and systematic review of literature data, that fluid over-
load is harmful and is associated with increased morbidity and mortality. Sim-
ilarly, Brandstrup et al. (2003) showed that restricted fluid administration sig-
nificantly reduced post-operative complications such as tissue healing complica-
tions and cardiopulmonary complications, compared to liberal protocols. There
was even a 5 % lower mortality rate. On the other hand, the recent multicenter
RELIEF trial (Myles et al., 2018) did not find better clinical outcome for patients
receiving restrictive versus liberal fluid therapy. There was even a higher oc-
curence of acute kidney injury found in the restrictive group.

1.3 Determining fluid responsiveness

There is a large inter-patient variability in the response to fluid administration,
which makes evidence-based predictions difficult. Therefore, several strategies
have been developed to determine if a patient is fluid responsive, i.e., if they
will benefit from fluid administration, quantified by an increase in cardiac output
(Pinsky et al., 2005; Cecconi et al., 2011). This section shows the current practice
on determining fluid responsiveness through hemodynamic monitoring.

Physiologically, the relation between vascular fluid status and cardiac pump
function relies on the Frank-Starling mechanism (Starling, 1918), relating stroke
volume to preload (Figure 1.3). Patients on the steep part of this curve will exhibit
an increase in cardiac output as a result of increased cardiac filling. For patients
on the flat part of the Frank-Starling curve a change in preload does not signif-
icantly increase stroke volume (Weiss et al., 1979; Vincent et al., 2006; Cecconi
et al., 2011), so they are not fluid responsive.

Administering fluid is the most intuitive way to determine fluid responsive-
ness (Vincent et al., 2006). Traditionally, a fluid bolus of 500 ml saline is ad-
ministered rapidly, and hemodynamic outcomes such as arterial pressure, central
venous pressure and cardiac output are monitored. If cardiac output increases,
the patient is determined to be fluid responsive. Unfortunately, this method has
major disadvantages. Firstly, determining the effectiveness requires a direct car-
diac output measurement. Some cardiac output measurements are invasive and
difficult and less invasive measurements are not always available, so often arte-
rial blood pressure is taken as a surrogate measurement. Unfortunately, studies
have shown that arterial (pulse) pressure alone is not sufficiently correlated to
changes in cardiac output (Monnet et al., 2011; Pierrakos et al., 2012).



fluid non-responsive

fluid responsive

stroke volume

fluid fluid
bolus bolus
preload

Figure 1.3: Schematic graph representing the Frank-Starling curve, relating preload (volume) to a
change in stroke volume. A fluid responsive patient wil exhibit an increase in stroke volume af-
ter a fluid bolus, whereas fluid non-responsive patient show a very small increase in stroke volume
(adapted from Michard et al. 2000).

Secondly, these fluid challenges carry the risk of volume overloading. Each
fluid challenge that does not result in an increase of cardiac output, contributes
to the hypervolemic state of the patient. Mini fluid challenges (100 ml of col-
loids), have been proposed as a solution, however very precise cardiac output
monitoring is required here.

The insight that administering fluid boluses increases the risk of fluid over-
load has stimulated the use of scenarios in which cardiac filling is increased,
without actually increasing the total amount of vascular volume (Michard et al.,
2000). These scenarios rely on the redistribution of the available amount of vol-
ume, from the peripheral circulation to the heart. One option is a passive leg
raise test. Raising the patient’s legs creates a reversible preload challenge of
around 300 ml of blood that can influence cardiac output (Jabot et al., 2009).
Still, this method requires direct measurement of cardiac output (Monnet et al.,
2016). Alternative static measurements, characterising cardiac output such as
central venous pressure and global end diastolic volume, have been shown not
to be indicative of volume status.

Another option is to make use of fluid redistribution in response to varia-
tions in intrathoracic pressure, as induced during mechanical ventilation. Here,
cardiac filling increases with decreasing intrathoracic positive pressure and vice
versa. The variation in filling is reflected in a variation of stroke volume and aortic
pulse pressure, that can be assessed clinically. These changes are quantified with
dynamic indices, e.g., the pulse pressure variation (ppv), systolic pressure varia-
tion (spv) and stroke volume variation (svv). Here, low values (< 9 %) indicate fluid
non-responsiveness, and high values (> 13%) indicate fluid responsiveness, with
the recommendation of intravascular filling (Daudel et al., 2010; Cecconi et al.,
2015). These dynamic indices are highly promising measures to determine pa-
tient fluid responsiveness, with high sensitivity and specificity (> 82 %). However,
these indices are coupled to specific clinical constraints, such as a tidal volume
8 ml/kg, no open thorax, and no arrhythmia. Consequently, only 20% of intensive



care patients qualify for reliable pulse pressure variation analysis (Michard et al.,
2000; Marik et al., 2009; Cannesson et al., 2011).

1.4 Determining fluid distribution

There is a more fundamental problem with these fluid challenges, namely, they
only address the vascular fluid status. Thus the major risk factor, the shift of fluid
from the intravascular to the interstitial space potentially causing edema, is not
addressed.

There are some methodologies to measure or indicate volume overload. Bio-
impedance spectroscopy (BIS) is a major emerging technique for direct determi-
nation of extracellular fluid volume and total body fluid volume. This method is
based on a combination of electrical properties of materials and analytical mod-
els. Since 1990, this technique is also used to study in vivo human body com-
position. The high impedance of the cell membrane allows for distinguishing
between fluid in and outside the tissue cells and can give an indication of fluid
volume distribution (Matthie, 2008). For patients on hemodialysis, this technique
has been shown to aid in better fluid management (Hu et al., 2012; Haapio et al.,
2012; Hung et al., 2014). However, to show the benefits and applicability of us-
ing BIS in critical patients, more research is needed (Wabel et al., 2009; Dewitte
et al., 2016; Yang et al., 2019).

Another option is to use double dilution indicator techniques. Here, a tracer
substance is injected and after a sufficient amount of time the compartmental
volume can be calculated. There are no specific tracers determine interstitial
fluid, thus this can be deduced from the difference between subsequent mea-
surements for plasma and extracellular fluid. The toxicity of these tracers and in-
vasive technique make application in critical patients difficult. Other techniques
that are frequently used for volume distribution in renal disease patients are the
evaluation of biomarkers, ultrasonographic findings and body weight (Ekinci et
al., 2018). However, none of these techniques are ready to be used for continuous
fluid distribution determination.

1.5 Models for fluid administration

As discussed above, there are currently no specific and sensitive clinical direct
measurements available to determine fluid responsiveness and distribution. Indi-
rect measurements for fluid responsiveness are available, but there is not consen-
sus on their usability and reliability. Whenever information cannot be measured,
models can be used to combine indirect measures in order to obtain relevant in-
formation. Models, although not always mathematical, are already widely used
in the clinical workflow. By coupling prior knowledge, available measurements,
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experience and clinical background clinicians create a mental model of their pa-
tient every day. Nevertheless, mathematical models can be used to gain more
insight into complex physiology, based on a full description of complex interac-
tions that are relevant to the question. The output can be used to aid clinicians
in their decision making process.

There are some examples of the introduction of such models in the clinical
workflow. One example of such a model, which has gotten a FDA certification,
is @ model used in invasive cardiac catheterisation. This model determines the
degree of stenosis in coronary arteries, virtually instead of invasively (Taylor et al.,
2013; Douglas et al., 2016). Another example, is the prediction of useful locations
for tissue ablation in patients suffering for right atrium fibrillation (Boyle et al.,
2019), based on personalized mathematical modeling.

Currently, no model exists that is approved for guiding fluid administration
in the clinic. Still, various models have been presented in literature that focus
on fluid administration or (re-) distribution. These models can be roughly di-
vided into three categories; models focussed on volume kinetics, vascular fluid
responsiveness or fluid distribution. Volume kinetics is a method for calculating
distribution and elimination of fluids based on repeated measurements of dilu-
tion. The basic model for volume kinetics (Drobin et al., 1999; Drobin et al., 2002;
Hahn, 2010; Hahn, 2017; Saito et al., 2013) consists of two fluid compartments,
namely the plasma and interstitial volume. There can be exchange between these
compartments and elimination of fluid from the system by a clearance rate. This
type of models have been used to analyze and simulate fluid distribution and ex-
pected volume expansion. This contributed to the quantification of the influence
of stress, hypovolemia, anaesthesia and trauma (such as surgery or burns) on the
internal distribution and elimination of fluids in patients. The drawback of this
type of modeling is that this methodology requires many repeated hematocrit
measurements (typically 25-40 over 4 hours). Clinical implementation of this
type of model is not feasible with the invasive hematocrit techniques currently
present in the clinical workflow.

Models that focus on vascular fluid responsiveness replace invasive fluid chal-
lenges such as described in Section 1.3. Messerges (2006), proposed a simple
cardiovascular model, attempting to model systolic pressure variation (spv) as a
measure of fluid responsiveness. However, the authors did not manage to fully
simulate the clinical observations, most probably due to the complexity of the
physical system, compared to the oversimplification of the model. This work was
continued and extended with cardio- respiratory interactions and baroregulation,
in the work published by Lansdorp et al. (2013) and Lansdorp et al. (2014). The
focus of this study was to incorporate non-linearities of the heart model and the
effects of ventilator settings (such as tidal volume) on dynamic variables (ppv and
sw). The effects of ventilation and especially tidal volume variations are shown
here. Another study that aims to develop a fluid responsiveness decision support
tool is presented by Pironet (2016). They explore the total stressed volume as



an indicator of fluid responsiveness. Pironet presented a simple cardiovascular
model suitable for intensive care unit applications. The aim of this study was to
use readily available measurements to calculate the total stressed volume. Com-
paring the model results with conventional fluid responsiveness measurements
gave good results. This kind of model can be used to predict dynamic fluid re-
sponsiveness indices (e.g., ppv and swv) as described previously. Smith (2004) and
Starfinger (2008), also presented work on the development and testing of a car-
diovascular model to simulate ppv and svv in critical care. Besides the modeling
efforts, this group focusses on the development of an integral-based parameter
identification method.

These fluid responsiveness models only focus on short-term effects, so they
neglect fluid redistribution which occurs on a longer time scale (Section 1.4).
Thus, the primary risk of hypervolemia (edema formation) cannot be predicted.
Models focussing on long term fluid exchange models have been developed by
Xie et al. (1995) and Gyenge et al. (1999) and Gyenge et al. (2003). The models
include the transport of fluids and solids (proteins and ions) inside and between
body compartments, based on the Starling’s equation. According to this equation
for transcapillary fluid exchange is driven by hydrostatic and osmotic pressures in
the capillaries and interstitial space. Other groups (Chapple et al., 1993; Mazzoni
et al., 1988; Carlson et al., 1996; Wolf et al., 1989; Wolf et al., 2011; Wolf, 2013)
use a similar approach. Unfortunately, these models have a limited representa-
tion of the cardiovascular circulation and lack information on clinical parameters
such as arterial pressure and heart rate. Since these parameters often guide fluid
administration, it is hard to integrate these models in the clinical workflow.

1.6 Aim and thesis outline

To the best of our knowledge, the coupling of intravascular fluid responsiveness
and longterm fluid distribution has not been made yet. This coupling is essential
to provide clinical decision support regarding fluid responsiveness and adminis-
tration protocols. In this thesis, we aim to make this coupling and move towards
a clinical decision support model for fluid administration. We aim to develop a
model that can eventually assist in prediction of fluid responsiveness and redistri-
bution in critical patients based on clinically available information. The ultimate
goal is to use this model to guid fluid administration and eventually, reduce hy-
pervolemia related complications in perioperative care.

This can be achieved by integrating our model into the clinical workflow.
Here, the key is to create a preoperative model based on patient measurements,
and update this throughout and after surgery. This model can be used to test
treatment options and provide extra information. Real-time data processing can
be used to compare model output to measurements, and adapt the model param-
eters to improve future predictions. The same can be done for the postoperative
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patient, combining the model with data and risk predictors such as early warn-
ing scores. This may allow for earlier detection of patient deterioration based
on fluid overload. Finally, the goal is to have less fluid administration-related
complications, and quicker patient recovery.

In the first part of this thesis we focus on developing the mathematical model.
Firstly, we extend an existing fluid exchange model (Xie et al., 1995) with a regu-
lated model of cardiovascular function (Jongen et al., 2016). This model is tested
with healthy volunteer data. Predicted and measured changes in arterial pres-
sure, heart rate and volume distributions, in response to fluid administration are
compared (Chapter 2). Next, to be able to predict clinically used dynamic indices
for fluid responsiveness (ppv and svv) we extend our cardiovascular model with a
pulmonary circulation and the one-fiber description for left and right ventricles.
Also, to simulate the dynamic intrathoracic environment in ventilation, we add
a lung mechanics model. This cardiorespiratory model is tested with literature
data for spontaneously breathing healthy volunteers and mechanically ventilated
aneasthetised patients (Chapter 3).

In the second part we present two clinical pilot studies where we implement
and test the model with clinical data. First, to get an indication on the effect of
various medications on the fluid distribution in patients under surgery, we extend
our model with pharmacokinetics and -dynamics descriptions for commonly used
medications (anesthetics, inotropes and vasopressors). This model is tested on
a small retrospective surgical dataset in collaboration with Catharina Hospital
Eindhoven (Chapter 4). Second, we test our fluid exchange model in an intensive
care setting. Here, we compare our prediction of measurable long term variables
(such as urine production) to clinically observed values in a partly prospective
intensive care unit dataset in collaboration with Maastricht University Medical
Center. This pilot study provides us with insights in the patient variability and
the effects of urine production and membrane permeability (Chapter 5).

The thesis concludes with a general discussion (Chapter 6) where the findings
are related to each other and put into a broader perspective.
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Chapter 2

A mathematical model for intra-
venous fluid administration and
fluid loss in healthy volunteers

This chapter is based on: T. T. Rosalina, R.A. Bouwman, M.R. van Sambeek, F.N. van
de Vosse, & PH.M. Bovendeerd (2019). A mathematical model to investigate the
effects of intravenous fluid administration and fluid loss. Journal of Biomechanics,
vol. 88, pp. 4-11.



Abstract

The optimal fluid administration protocol for critically ill perioperative patients
is hard to estimate due to the lack of tools to directly measure the patient fluid
status. This results in the suboptimal clinical outcome of interventions. Previ-
ously developed predictive mathematical models focus on describing the fluid
exchange over time but they lack clinical applicability, since they do not allow
prediction of clinically measurable indices. The aim of this study is to make a
first step towards a model predictive clinical decision support system for fluid
administration, by extending the current fluid exchange models with a regulated
cardiovascular circulation, to allow prediction of these indices. The parameters of
the model were tuned to correctly reproduce experimentally measured changes
in arterial pressure and heart rate, observed during infusion of normal saline in
healthy volunteers. With the resulting tuned model, a different experiment in-
cluding blood loss and infusion could be reproduced as well. These results show
the potential of using this model as a basis for a decision support tool in a clinical
setting.
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2.1 Introduction

Intravenous fluid infusion, to compensate for perioperative fluid loss due to bleed-
ing, perspiration and evaporation, is a common procedure to maintain arterial
blood pressure and thereby tissue perfusion. However, part of the administered
fluid will shift to the interstitial space, causing edema buildup that may eventu-
ally compress tissue microvasculature, disturb tissue perfusion and could lead to
organ failure. Especially in the critically ill, these ‘fluid shifts’ can be large and
unpredictable, due to changes in endothelial permeability and hydrostatic and
osmotic pressure (Holte et al., 2002; Brandstrup, 2006). The optimal protocol
for fluid administration depends on the intra- and extravascular fluid status of
the patient. This fluid status is not directly measurable, and it cannot be easily
deduced from indirect measurements. Additionally there is a large inter-patient
variability, which makes evidence-based predictions difficult. Hence, it remains
difficult to estimate the amount of fluid needed to compensate perioperative fluid
loss. A patient specific mathematical model might be used to assist in determin-
ing the optimal fluid protocol.

In literature various mathematical models have been presented that focus on
fluid administration and (re-) distribution. Some models describe fluid exchange
between intra- and extravascular spaces using Starling’s law, based on hydro-
static and osmotic pressures (Chapple et al., 1993; Xie et al., 1995; Gyenge et al.,
1999; Gyenge et al., 2003; Mazzoni et al., 1988; Carlson et al., 1996; Wolf et al.,
1989; Wolf et al., 2011; Wolf, 2013). Other models use a more phenomenological
volume kinetics approach (Hahn et al., 1997; Svensen et al., 1999; Hahn, 2010;
Hahn, 2017). Since the first type of models are based on laws of physics and
physiology, they provide a stronger basis to predict the internal condition and
the clinically observed information of a perioperative patient.

However, previously published models of this type have a limited represen-
tation of the cardiovascular circulation and lack information on arterial pressure
and heart rate. Since arterial pressure is one of the important clinically available
measurements used to guide fluid administration, it is hard to apply these models
clinically.

We aim to develop a decision support model that can eventually assist in fluid
administration to critically ill patients based on clinically available information
such as arterial pressure and heart rate. In this study we extend a fluid exchange
model (Xie et al., 1995) with a model of cardiovascular function (Jongen et al.,
2016). Model parameters are partly taken from literature (Gyenge et al., 1999;
Gyenge et al., 2003; Jongen et al., 2016), and partly determined from a fit to
an experimental dataset of saline infusion (Watenpaugh et al., 1992). We eval-
uate our model by simulating another volunteer dataset of fluid administration
in hypo- and normovolemia. Finally, we compare our model, with a regulated
cardiovascular system, to the original fluid exchange model.
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2.2 Methods

The model (Figure 2.1) combines submodels of cardiovascular hemodynamics,
cardiovascular regulation, fluid exchange, and renal function.
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Figure 2.1: Schematic overview of the mathematical model: the left ventricle (LV) generates a blood
flow (Jcp) that passes through the arteries (art), capillaries (cap) and veins (ven) facing a total resistance
that is composed of an arterial and a venous part (Rg+ and Ryen). The baroregulation responds to the
deviation of the mean arterial pressure (pgrt) from a reference pressure (pyf), and affects Rqrr, venous
unstressed volume (Vyen o), heart contractility (Emax) and cycle time (T¢yqe). The Bainbridge reflex
responds to the deviation of the mean venous pressure (pven) from the venous reference pressure
(pv,ref)- The fluid exchange with the environment is determined by a basal fluid intake (Jjxe), fluid
infusion (Jiny), bleeding (Jpieeq), Urine production (Jy) and insensible losses (Jj,5). The fluid exchange
between the vascular compartment and the interstitium (int) consists of transcapillary fluid flow (Jy, r¢)
and lymphatic fluid (Jy,;). These fluid flows are related to corresponding protein flows, Jy, rc and Ju, 1,
respectively.

2.2.1 Fluid exchange

The fluid exchange model is taken from Xie et al. (1995). It consists of a vascular
and an interstitial compartment. The vascular compartment consists of plasma
(with volume Vp; in ml), red blood cells (Vzgc in ml) and proteins (with mass Mp;
in g), where the volume occupied by the proteins is neglected. The ratio of red
blood cells to plasma is given by the hematocrit (Hc):

Vrec
H,= ——.100. 2.1
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The concentration of proteins in the plasma (cp. in g/ml) is calculated as:

Mp,

Vo (2.2)

Cp =

The interstitial compartment consists of fluid, with volume V;, and proteins,
with mass M,. A part of this volume, the excluded volume (V ), is not available
as a solvent for protein. This volume includes other macromolecules such as col-
lagen and fibrin (Xie et al., 1995). Therefore we distinguish between interstitial
protein concentration (c;), and available interstitial protein concentration (c;s):

M, c M,
_ 4= _
! (Vl - Vl7ex)
The exchange of fluid between compartments satisfies the mass balance:

dVp,

(2.3)

T Jintake + ding — Jv,7c +Ivp —Ju — Iy bleed (2.4)
dav,
Ttl =Jyrc—JIvi — Jins. (2.5)

Here, Jinwake is the basal intake in normovolemia in ml/s, Ji, is the infused fluid
flow in ml/s, Jy rc is the transcapillary fluid flow in ml/s, Jy, is the lymph flow in
ml/s, Jy is the urine flow in ml/s, Jy, peeq is the plasma loss due to haemorrhage
(Ubieeq) in ml/s and Jis is the insensible fluid loss in ml/s. It holds that:

Iy bieed = Joteed - (1 — Het). (2.6)

The transcapillary fluid exchange (Jy r¢) is described by the Starling hypothe-
sis:
Jv.rc = k- [pcap —pi— U(ﬂ'cap — )] (2.7)
Here, ks is the membrane permeability constant in ml/mmHg-s, p is the hydro-
static pressure in mmHg, 7 is the protein osmotic pressure in mmHg, with sub-
scripts cap for the capillaries and / for the interstitium, and o is the unitless re-
flection coefficient. The capillary pressure is computed from the cardiovascular
model, which will be described in section 2.2. The interstitial pressure is calcu-
lated by empirical equations taken from Chapple et al. (1993), depending on the
state of hydration:

piN+ Wi—Yix) Vi<Vin

Cunder

VI,N < Vl < Vl,over- (28)

Vi=Viover)
Pi,over + Tlmr V/ > V/,over
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Here, p; y is the interstitial pressure in normovolemia (V; y) and p; over is the inter-
stitial pressure at the threshold for hypervolemia (V) over). In the normovolemic
range (Viny < Vi < Vo), b1 is determined by the normal interstitial compliance
(Cint). The compliances Cyyer and Cypger determine p; in hyper-, and hypovolemia,
respectively.

Finally, the osmotic pressure is based on the protein concentrations as fol-
lows:

Teap = kprot - CpL, T = Kprot - Ci, (29)
where ko is an empirical proportionality coefficient.

The lymph flow (Jy,1), which causes water to be constantly transported back
into the intravascular space, depends on the interstitial pressure (Chapple et al.,
1993):

0 pr < p/,ex

Jyp =4 v ] Priex < P < PIN: (2.10)

IN+LS-(pr—piN) PI>PIN

Here J. v is the normal lymph flow, p .« is the pressure corresponding to the vol-
ume Vj . and LS is the combination of a tissue permeability (L) and surface area
(S) in ml/mmHg-s.

The elimination of fluids in steady state occurs through insensible losses (Jins),
assumed to be constant, and urine production (Jy). Jy is assumed to be linearly
related to plasma volume (Gyenge et al., 2003):

VoL =V N
Jun+kup - === Vo < Ve

Jy= . (2.11)

Veo—VeLn
Jun+kve - == Ve > Ve

Here Jy y is the normal urine production at normal plasma volume (V. n) and ky p
and ky £ govern the change in urine production at depleted and elevated plasma
volumes, respectively.

We assume that protein flows (in g/s) are only associated with the transcapil-
lary protein flow (/v 7¢), lymph protein flow (/) and bleeding (Jy; peeq). Thus the
follwing mass balances hold:

dMp,

el —Im,7c +ImL — Iy bleed - CpL (2.12)
aM,
— = — . 2.1
pr Imc—Imt (2.13)
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The transcapillary protein flow (/v 7¢) is based on Kedem et al. (1958):

CpL. — Cia €XP (—V’Tia(s U))

e () |

with P= Dy/h, the protein permeability (Dy is the protein diffusion constant, and
h is the membrane thickness) and the surface area S, commonly treated as one
parameter PS, (protein permeability-surface area product of the capillary).

-IM,TC = jV,TC . (1 - 0) . (214)

The lymphatic flow of protein (/) is considered to occur through convection
only:
Ime=J-¢ (2.15)

Finally, to account for bleeding, the following mass balance for red blood cells

holds:
dVrsc

dt

:-/bleed : Hct- (2-16)

2.2.2 Cardiovascular circulation

To determine the capillary pressure (pcqp), used in (2.7), we implemented a cardio-
vascular model of the cycle-averaged systemic circulation (Jongen et al., 2016).

The model for the left ventricle is based on Hoppensteadt et al. (2002). Car-
diac output (Jcp) is defined as:

Jeo = % 2.17)
cycle

Here the stroke volume (Vsuoke) is determined by end diastolic volume (Ve4) and
end ejection volume (Ve), which in turn depends on the filling (pes) and ejec-
tion pressure (pee) of the heart. T,y is cardiac cycle time. We consider a linear
pressure-volume relation for diastole and end ejection (Suga et al., 1973):

Ped = Epas(ved - VIV,O)§ Pee = Emax(vee - VIv,O) (218)

with Epgx the maximal elastance and E,qs the passive elastance of the left ventri-
cle and Vj, o in the left ventricle volume intercept.

For the systemic nodes, the following constitutive equations hold for the
mean arterial pressure (pgt) and venous pressure (Dyen):

Dart = Vart - Vart,O; Dren = Vven - Vven,O. (219)
Cgrt Cven

Here V4 is the arterial blood volume, Vi o, is the arterial unstressed volume,
Cart is the arterial compliance, Vi, is the venous volume, Vi, o is the unstressed
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venous volume and C., is the venous compliance. Since we assume a cycle-
averaged system, without pulsatility and valves, we can assume pee = pgr and
Ped = Pven- Therefore the cardiac output can be calculated as follows:

1 ven It
 (Bren _ Party (2.20)

Jeo =
Tcycle E, pas E, max

At the same time it holds that:

Part — Pven
Jong = 228 T 2.21
co Rgn: T Rven7 ( )

with Ry and Rye, the arterial and venous capillary resistances in mmHg/ml, re-
spectively.

Combining (2.19), (2.20) and (2.21) we can determine the arterial and venous
pressures analytically:

k k
Part = m(vtot — Vart,o0 — Vven,0 — Vlv,0)§ Pven = Part k—z' (2.22)
with:
1 1
Co=Cot + 5 C = Cen + 50—
2Emax ZEpas
(2.23)
k, = i + fH . k, — 1 + fH
! ROIT EpGS , Y RVEI'I Emax ’
and
1
fu=7— (2.24)
cycle
Finally, the capillary pressure that is used in (2.7) is calculated by:
pcap = Pven +jCO . Rven- (2.25)

2.2.3 Cardiovascular regulation

Cardiovascular regulation is modelled by two pathways: baroregulation and the
Bainbridge reflex. We model the baroregulation based on Wesseling et al. (1985)
and Jongen et al. (2016). A change in arterial pressure leads to a response of four
cardiovascular effectors; the cardiac contractility (Emax), cycle time (Teyce), pre-
capillary peripheral resistance (Ry:) and venous unstressed volume (Vien o). Due
to our large timescale, the model has been simplified by neglecting the effector
time delays and low pass filters in the original model.
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The change in arterial pressure is transformed into a normalised receptor sig-
nal —1 < b(t) < 1, through a sigmoidal receptor function:

2
- 1+ exp(—Kk- (pare(t) — Pref))

where k controls the sensitivity of the receptor and p is the reference mean
arterial pressure.

-1

b(t) : (2.26)

This is translated into the receptor signal after passing through a low pass
filter: a1
r(t
—= = —(b(t) —r(t 2.27
G = (b)), 2.27)
where 7; is the low pass filter receptor time constant. The change in Epgy, Rar and

Vien,0 is calculated by effector specific gains kg, kg and ky:

Emax(t) = Emax,O : (1 + ke - I’(t));
Rar(t) = Roro - (1 + ke - 1(t)): (2.28)
Vieno(t) = ven0,0 * (L+ky-r(d),

where Epgy 0, Ra,0 and Vieno,o represent the steady state values for the effectors.

The change in T, is also affected by the Bainbridge reflex, i.e. the positive
chronotropic response of the heart to stretch-activated channels in the atria. In
hypervolemia the atria are stretched and this results in extra stimulation of the
sino-atrial node, thereby increasing the heart rate. To account for this increase
in heart rate we have added a receptor signal (r,), calculated by a normalised
change in venous pressure pyen, With respect to a reference value (p, ) taken as
a substitute for right atrium pressure:

) — pven(t) - pv,ref

rq(t 2.29
a( pv,ref ( )

The cycle time is finally calculated by:
T,_—y,:[e(t) = Tcycle,O . (1 + k1 - I’(l’) SR I’a(l’)). (230)

where kr is the baroregulation effector gain and k7, is the bainbridge effector
gain.

2.2.4 Parameter estimation

The cardiovascular system was tuned to yield normal steady state hemodynamics
for a 70 kg subject, characterised by

Most regulation parameters are based on estimations of Wesseling et al. (1985).
For the regulation, psis set to normal arterial pressure (93 mmHg) and py s is set
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to normal venous pressure (5 mmHg). To simulate the response of the model to
perturbations we fitted the cardiovascular model output (Apg:, AHR and ARgy)
to a dataset from literature (Watenpaugh et al., 1992). In this experimental study
the effect of infusion of 30 ml/kg of normal saline, with an infusion rate of 100
ml/min was analysed in seven male volunteers of 78 kg. By manual fitting of kg
and kg, the responses of the change in resistance and change in heart rate were
tuned to available experimental data. To obtain correct changes in total arterial
pressure, the rest of the effect was tuned by fitting ky.

Settings for many parameters in the fluid exchange model are taken from Xie
et al. (1995). Settings for parameters J; n, PS and Jisiqke Were computed, to satisfy
steady state conditions. Hence, (2.4), (2.5), (2.12) and (2.14), are assumed to be
equal to zero. In normal conditions we assume no intravenous infusion (J/j;s = 0)
or bleeding (Jyeeq = 0). Hence, for the sum of the plasma and the interstitial
volume it holds that:

Jintake = Jins + jU,N (2-31)

After setting protein concentrations to values taken from Gyenge et al. (1999),
we can determine J; y and PS analytically, by combining (2.10) and (2.14) with:

Jintake = Jv,rc + v —Ju =0, (2.32)

and:
Imrc—Ime =0. (2.33)

The fluid distribution results during infusion (AVp;, AV;and AVy), were fitted
to the experimental results by changing kf and kye. All model parameter values
are listed in Table 2.1.

2.2.5 Simulations performed

The model was implemented in MATLAB R2014b. Differential equations are
solved by an Euler forward integration scheme with a time step of 0.1 s. First,
the simulations for parameter estimations as described in section 2.4 were per-
formed. Secondly, to demonstrate the predictive value of the model on an inde-
pendent dataset, we simulated an experiment presented by Drobin et al. (1999)
without additional fitting. There, the authors infused 25 ml/kg in 10 healthy vol-
unteers (with mean bodyweight of 76 kg), being normovolemic or hypovolemic
(after induced haemorrhage of 900 ml in 15 minutes). Experimental and model
computed changes of the plasma volume and total urine production at the end
of the experiment could be directly compared.

Lastly, we compared our fluid exchange model, with the more complex reg-
ulated cardiovascular system, to the fluid exchange model as described in Xie
et al. (1995). To this end, we simplified our cardiovascular circulation model to a
‘Xie-like’ model by replacing Emqx and Epgs by a single elastance value £y,
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Symbol  Value Unit Equation Reference

(P 2.6 ml/mmHg 2.22 Calculated*

Cren 2.5-.10? ml/mmHg 2.22 Calculated*

Cint 2.0 ml/mmHg 2.8 Xie et al., 1995

Cunder 0.6 ml/mmHg 2.8 Xie et al., 1995

Cover 0.1 ml/mmHg 2.8 Xie et al., 1995

Emax 1.7 mmHg/ml 2.18 Calculated*

Epas 44.102  mmHg/ml 2.18 Calculated”

N 8.6-10% mlss 2.10 Calculated in steady state

Jins 1.3-1072 ml/s 2.4 Watenpaugh et al., 1992

Jun 1.7 1072  ml/s 2.11 Xie et al., 1995

ks 0.2 ml/mmHg-s 2.7 Watenpaugh et al., 1992

Kprot 0.4 mmHg - ml/g 2.9 Gyenge et al., 2003

kue 35-107* ml/s 2.11 Gyenge et al., 2003

kup 46-107°5 ml/s 2.11 Gyenge et al., 2003

k 751072  1/mmHg 2.26 Wesseling et al., 1985

kr 0.6 - 2.30 Wesseling et al., 1985

k1q -2.2 - 2.30 Watenpaugh et al., 1992

ke -0.2 - 2.28 Wesseling et al., 1985

kg -0.7 - 2.28 Watenpaugh et al., 1992

ky 0.9 - 2.28 Watenpaugh et al., 1992

LS 1.2-102 ml/mmHgs  2.10 Xie et al., 1995

PS 6.9-103% ml/s 2.14 Calculated in steady state

Plex -0.1 mmHg 2.10 Xie et al., 1995

PIN -0.7 mmHg 2.8,2.10 Xie et al., 1995

Pi,over 1.8 mmHg 2.8 Xie et al., 1995

Dref 93 mmHg 2.26 Normal hemodynamics

Pv.ref 5.0 mmHg 2.26 Normal hemodynamics

Mpp 0 224.0 g 2.2 Xie et al., 1995

Mo 250.3 g 2.3 Xie et al., 1995

Rart 908.0 mmHg s/ml 2.22 Calculated®

Ryen 62.7 mmHg s/ml 2.22 Calculated*

T 1.0 S 2.28 Wesseling et al., 1985

Teycte 0.8 S 2.20,2.22,2.23 Normal hemodynamics
2.28, 2.30

Vart,0 746.6 ml 2.22 Calculated*

Vin 8400 ml 2.3,2.8 Xie et al., 1995

Vi ex 2100 ml 2.3,2.10 Xie et al., 1995

Vivo 0 ml 2.22 Normal hemodynamics

Vien,0 2433 ml 2.22 Calculated*

VoL n 3200 ml 21,211 Xie et al., 1995

Vrac0 1800 ml 2.1 Xie et al., 1995

o 0.99 - 2.7,2.14 Xie et al., 1995

Table 2.1: Parameter settings, units and references used for a reference human of 70 kg, with *Cal-
culated based on normal hemodynamics as explained in section 2.4. Here, subscript O indicates the
initial value. Parameters ky, kg, kg, ky and kr, are fitted on Watenpaugh et al., 1992. 29



such that the total compliance of the circulation model was identical to the one
used by Xie et al. Due to this simplification we also had to exclude the baroreg-
ulation. To solely evaluate the role of the baroreflex, we performed additional
simulations with our extended model without baroregulation.

2.3 Results

2.3.1 Simulation of the Watenpaugh experiment

To reproduce the experimental data, obtained by Watenpaugh et al. (1992), we
manually fitted k;, kue, kg, kv and krq, presented in Table 2.1. Computed results
match the experimental results, demonstrating that the model was fitted to the
experiment successfully. The changes in volume (per kg body mass), heart rate
and arterial pressure in the model and experiment are shown in Figure 2.2. Dur-
ing infusion, pg: and HR increase with a maximal value of 9 mmHg and 15 bpm,
respectively. Maximal pye, is 5.8 mmHg post-infusion. The simulated change in
HR can be attributed to a decrease of 10 bpm and increase of 25 bpm, as a result
of the baroregulation and Bainbridge reflex. At the end of infusion, the change in
plasma and interstitial volume is 11.4 ml/kg and 21.5 ml/kg, respectively. After
infusion p.g and pg,: return towards normal values. However, at 180 minutes post
infusion HR (+3 bpm), and plasma volume (+ 2.4 ml/kg) are still elevated. Even-
tually, 14.3 ml/kg urine is produced at the end of the experiment. Interstitial
volume decreases more gradually than plasma volume and is still elevated by 11
ml/kg at the end of simulation, which is reflected in an elevated urine production
of 11.8 ml/kg compared to a normal production of 2.6 ml/kg.

2.3.2 Simulation of the Drobin experiment

In Figure 2.3, the simulated and experimental (Drobin et al., 1999), changes in
volume distribution in hypo- and normovolemia are shown. As in the experiment
changes are reported with respect to the start of infusion, set at t = O for both
scenarios. In the normovolemic simulation, infusion causes a maximal change in
plasma volume of 8.4 ml/kg, which corresponds to the measured plasma dilution.
For hypovolemia the change in plasma volume (+10.3 ml/kg) also corresponds to
the experimental results. The differences in p., show the effect of pre-infusion
haemorrhage. The difference between hypo- and normovolemia results is most
pronounced in the simulated urine production. Cumulative urine production at
180 minutes post infusion is reported to be 12.3 + 1 ml/kg and 9.7 + 2 ml in
normo-, and hypovolemia, respectively. The model captures this in the normov-
olemic case (11.4 ml/kg), but not in the hypovolemic case (3.6 ml/kg). This results
in an elevated interstitial volume in the latter case.
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2.3.3 Comparison to the Xie-like’ model

To further evaluate our extended model, we simulated the Watenpaugh experi-
ment with our reduced ‘Xie-like’ model, resembling the model by Xie et al. (1995)
(Figure 2.2). This model does not include pg: and HR. As compared to our ex-
tended model, it does predict an increased maximum rise in peg, (15.1 vs. 13.1
mmHg). Consequently, more fluid is transported from the plasma into the inter-
stitium and urine production is reduced at the end of the experiment by 2 ml/kg.

Finally, the effect of regulation was evaluated by simulating the Watenpaugh
experiment without baroregulation (Figure 2). This results in an increased pgr
(38 mmHg vs. 9 mmHg post infusion) and no changes in HR. Results for changes
in capillary pressure, plasma and interstitial volume, and urine production are
similar to those of the Xie-like’ model.
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Figure 2.2: Simulation of the experiment of Watenpaugh et al. (1992), with 30 ml/kg saline infusion
from t =0 to t = 23 minutes; experimental results are shown in symbols; simulation results are shown
in solid lines, for the model with regulation, without regulation and the ‘Xie-like’ model. Left: change
in mean arterial pressure (Apgr in mmHg), absolute capillary pressure (pcap in mmHg) and change in
heart rate (AHR in bpm). Right: scaled changes in plasma (AVp; in ml/kg), interstitial (AV; in ml/kg)
and urine volume (AVy in ml/kg).
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Figure 2.3: Simulation of the experiment by Drobin et al. (1999); results of 25 ml/kg saline infusion in
a normovolemic and hypovolemic state. Left: the change in mean arterial pressure (Apg in mmHg),
absolute capillary pressure (pcqp in mmHg), change in heart rate (AHR in bpm). Right: scaled changes
in plasma (AVp, in ml/kg), interstitial (AV; in ml/kg) and urine volume (AVy, in ml/kg). Experimental
data (from Drobin et al., 1999) are shown with symbols.

2.4 Discussion

Optimisation of perioperative fluid administration remains difficult due to high
patient variability and the lack of tools to directly measure patient fluid status.
Mathematical models have the potential of improving fluid administration proto-
cols. Previously developed mathematical models focussed on describing the fluid
exchange over time but they lacked clinically measurable indices such as heart
rate and arterial blood pressure. The aim of our study was to make a first step
towards a clinically applicable fluid administration support model, by combining
existing fluid exchange models (Xie et al., 1995; Gyenge et al., 2003) with a car-
diovascular circulation model that includes baroregulation (Jongen et al., 2016)
and the Bainbridge reflex. To the best of our knowledge this is the first time that
such a coupling of short- and long term effects (cardiovascular regulation and
fluid exchange, respectively) has been made.

Our model was used to study the effects of fluid infusion and blood loss in
healthy volunteers. We could fit the model to predict the fluid exchange in one
experiment (Watenpaugh et al., 1992) and subsequently reproduce results from
another experiment (Drobin et al., 1999) without further tuning. The Watenpaugh
experiment was also simulated in our model without regulation, and in a ‘Xie-
like’ model. Here, the increase in interstitial volume is approximately 10 % lower
in the extended model. We conclude that differences between our model and the
‘Xie-like’ model are mainly due to the addition of the (short term) regulation.
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2.4.1 Model setup

To achieve our goal of clinical decision support, the right balance between model
complexity and accuracy must be made. The current goal was to study long term
effects of fluid infusion on volume distribution in volunteers and their hemody-
namic response in terms of mean arterial pressure and heart rate. Therefore, we
chose to use a model for cycle-averaged hemodynamics without beat-to-beat in-
formation, which reduces the amount of parameters that needs to be estimated.
We implemented the traditional Starling equation (2.7) to model whole-body
transcapillary transport. Experiments (Michel et al., 1987) have shown that there
is a distinction between transport in normal capillaries, where reabsorption of
fluid seems absent, and fenestrated capillaries, where reabsorption is present. In
recent years there has been an adaptation of the Starling equation, to better cap-
ture fluid exchange in capillaries (Adamson et al., 2004). However, we adopted
the traditional Starling approach, since in our lumped parameter approach spa-
tial variations, and hence variations in capillary type, are not taken into account.
Lastly, we assumed urine production solely based on plasma volume, thereby
omitting the effects of hormone regulation pathways such as the RAAS mecha-
nism.

2.4.2 Results

The three fitted parameters in the fluid exchange model (ks J. v and PS) can
be compared to previously presented values (Gyenge et al., 1999; Tatara et al.,
2007). k; is the determining factor for the maximum plasma expansion during in-
fusion, and determines the persisting level after infusion. Our fitted value is 0.15
ml/mmHg:-s, which is high compared to 0.03 ml/mmHg-s, reported in Gyenge et
al. (1999) and 0.08 ml/mmHg-s in Tatara et al. (2007). But it is still within the
range reported in literature (0.008 - 0.34 ml/mmHg-s, Chapple et al. (1993)). PS
and J. y were derived from the condition of homeostatic equilibrium, i.e. from
the condition of equal fluid intake and loss over time. Our calculated value for
Ji.n (0.009 ml/s) is low compared to literature values (0.02 - 0.04 ml/s, Reddy,
1986). PS is hard to estimate from literature, however this parameter is closely
correlated to the estimation of o (0.8 -0.99[—], Chapple et al. 1993). Ultimately,
the transcapillary transport is not characterised by the individual values of these
parameters, but by their combination (2.14), as expressed by the Péclet num-
ber: Pe = (1 — o)Jy,r¢/PS. Comparing our results (c = 0.99, Pe = 0.0106) to
Gyenge et al. (1999) (o = 0.99, Pe = 0.0103) and Tatara et al. (2007) (¢ = 0.875,
Pe = 0.046), shows the same order of magnitude. Thus, the Péclet number and
therefore the combination of o and PS is supported by literature.

Cardiovascular regulation is described by baroregulation and the Bainbridge
reflex. In this study the venous pressure (py ) is taken as a substitute for atrial
pressure. This simplification is inherent to our choice of a simplified heart model.
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The change in HR by +15 bpm due to an increase of p, s by 1 mmHg, predicted
by the model is supported by literature. Experimental data reported in Kohl et al.
(1999) show an increase in the same order of magnitude (+8 bpm).

The predictive value of the model is demonstrated, since results of Drobin
et al. (1999) are captured quite well with the same fitted parameters. Notably,
there is an underestimation of urine production in the hypovolemic simulation
(3.6 ml/kg vs 9.7 ml/kg). The urine production during hypovolemia is governed by
parameter kyp in (2.11), adopted from Gyenge et al. (2003), since this could not by
fitted from the Watenpaugh dataset. Fitting of kyp to the Drobin dataset proved to
be impossible due to the fact that Jy v is four times smaller than the experimental
Jy. However, Gupta et al. (2016) reported a hypovolemic urine production of 1.5
ml/kg, demonstrating considerable variation in between experimental data.

2.4.3 Future work

Our final goal is to develop a decision support model that can eventually assist in
fluid administration to critically ill patients. It is known that fluid exchange in the
perioperative period is altered. Perioperative medication for anaesthesia, analge-
sia and hemodynamic support affect (baro) regulation and renal function, which
influences capillary fluid exchange. Additionally there can be effects of surgical
inflammation causing capillary leakage (Brandstrup, 2006). In our model this can
be accounted for in parameters related to membrane permeability (e.g. o and ks
in 2.7). Moreover, patients may suffer from comorbidities such as cardiac dys-
function, renal insufficiency and chronic hypertension. Therefore, in future work
we need to extend the cardiac and renal model, to allow for realistic simulation
of these pathologies.

For eventual use in a specific patient, suitable parameter values have to be
found using data assimilation techniques. To gain more insight into the possibil-
ities for parameter fixing and prioritisation, a structured sensitivity analysis (Eck
et al., 2015) should also be performed. Additionally this could indicate which
submodels should be explored further.

2.5 Conclusion

To conclude, we combined a simple model for cardiovascular hemodynamics with
an existing model for fluid exchange for healthy volunteers enabling coupling of
readily available clinical measurements to a fluid exchange model. This is the
first step towards our general aim to develop a patient-specific decision support
model to guide fluid administration.
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model to predict dynamic indices
of fluid responsiveness
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Abstract

Optimal fluid administration during and after surgery is of great importance,
especially in critical patients, since hypo- and hypervolemia are both associated
with complications. Optimization of fluid administration is challenging, because
direct measurements of fluid status are not available and there is much debate
on indirect clinical parameters. Pulse pressure variation (ppv) and stroke volume
variation (svv) are dynamic indices that can be used for indirect estimation of the
effectiveness of fluid administration. Unfortunately, specific constraints prevent
the regular acquisition of ppv and svv in a clinical setting. To investigate depen-
dence of ppv and svv on vascular filling status and cardiac and vascular prop-
erties, we developed a mathematical cardiorespiratory model based on physics
and physiology to predict ppv and svv and investigate their relationship to vascu-
lar volume and cardiac and vascular properties. Our model consists of a closed
loop representation of the cardiovascular circulation where intrathoracic com-
partments are influenced by a dynamic pleural pressure, which is calculated in
a dedicated, coupled lung mechanics model. We simulated changes in alveolar
volume and hemodynamic responses for mechanically ventilated anesthetized
patients, during fluid administration at varying total blood volumes. Calculated
ppv, svv and change in cardiac index were comparable to experimentally reported
values. Interestingly, ppv and svv were found to depend differently on vascular,
and pericardial properties. The results show the potential of the model to analyse
potential broader use of pvv and svv in critical care.
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3.1 Introduction

In the operating room and the intensive care unit, intravenous fluid adminis-
tration is necessary to compensate for perioperative fluid loss due to bleeding,
urine excretion, perspiration, and evaporation. However, it remains difficult to
estimate the amount of fluid needed to compensate for these losses, especially
in septic patients, where a large part of the administered fluid quickly moves to
the interstitial space. Key to fluid administration is to avoid complications due to
underfilling or overfilling. Infusion of too little fluid will not adequately restore
tissue perfusion pressure, whereas too much fluid may cause a buildup of excess
fluid in the extravascular space. The latter compresses the microcirculation and
thereby compromises tissue perfusion (Holte et al., 2002; Brandstrup, 2006). Un-
fortunately, fluid distribution cannot be measured directly. Therefore, clinicians
need to rely upon indirect measurements to determine fluid responsiveness.

Physiologically, the relationship between vascular fluid volume and cardiac
pump function is described by the Frank-Starling mechanism. This states that an
increase in cardiac filling leads to an increase in cardiac output, up to a certain
filling level (Frank, 1895; Starling et al., 1926). One option to test a patient’s lo-
cation on the Starling curve is to give a fluid bolus and to measure the change in
cardiac output (Latta, 1832; Cecconi et al., 2011). The drawback is that patients
who are already on the flat part of the Starling curve are exposed to hypervolemia.
Alternatively, cardiac filling may be increased without actually increasing the to-
tal amount of vascular volume (Michard et al., 2000). These scenarios rely on the
redistribution of the available amount of blood volume (V},), from the periphery
to the heart, e.g., in a passive leg raise test by raising the legs of a patient by
45°, or by placing the patient in a Trendelenburg position. Another option is to
make use of fluid redistribution in response to variations in intrathoracic pres-
sure, as induced during mechanical ventilation. Here, cardiac filling increases
with decreasing intrathoracic pressure and vice versa. This change in filling is
reflected in a variation of stroke volume and aortic pulse pressure (Figure 3.1),
which can be assessed clinically. These changes are quantified with dynamic
indices pulse pressure variation (ppv) and stroke volume variation (svv). A high
ppv or svv (> 13%) indicates fluid responsiveness, with the recommendation of
intravascular filling (Daudel et al., 2010; Cecconi et al., 2015). A low ppv or svv
(< 9%) indicates fluid non-responsiveness, where intravascular filling is not ex-
pected to increase cardiac output.

As shown in literature (Michard et al., 2000; Marik et al., 2009), ppv and svv are
promising measures to determine patient fluid responsiveness, with high sensi-
tivity and specificity (> 82 %). However, these indices are coupled to specific
clinical constraints, such as a tidal volume > 8 ml/kg, no open thorax, and no
arrhythmia (Cannesson et al., 2011). Consequently, only 20% of intensive care
patients qualify for reliable pulse pressure variation and stroke volume variation
analysis (Cannesson et al., 2011; Michard et al., 2015).

41



T T
s -
o~
=L -
=
5| -
2
©
o -
1 1
T T
=)
P ! |
€ pmax ,\ FQ \
E Phin & !
§ N min
o
1 L t
T T 1
z | N AAMAAMmA
>z s.lv,max Vs_\v.mm Vs Iv,max Vs Iv,min
1
o 5 10 15

time [s]

Figure 3.1: Explanation of the calculation of pulse pressure variation (ppv) and stroke volume vari-
ation (svv) in three ventilation cycles, based on results from the model simulations. Here, pa is the
induced airway pressure, ps, ; is the intrathoracic arterial pressure, pmax and pp;, are the maximal
and minimal pulse pressure, Vj, is the left ventricle volume and V5 iy max and Vs iy min are maximum
and minimum Left ventricle stroke volumes. Since the first cycle of ventilation produces a transient
increase in Vj,, we computed ppv and svv during the subsequent breathing cycles, using (3.22) and
(3.23).

We hypothesize that a more extensive clinical use of ppv and svv can be obtained
by investigating the relationship between patient characteristics and ppv and swv
through a mathematical model. Such a model can provide quantitative insight
in the current clinical constraints, potentially leading to a more extensive and
equally reliable clinical use of the dynamic indices.

In this study we present a mathematical model of the cardiorespiratory sys-
tem to study the dependence of ppv and svv on vascular volume, and cardiac and
vascular properties. Firstly, we set up a lumped parameter model of the cardio-
vascular circulation, coupled to a lung mechanics model. Secondly, we simulate
mechanical ventilation in anesthetized patients, and compare predicted alveo-
lar volume to measured values for Innes et al. (1993). Thirdly, we investigate
the sensitivity of ppv and svv to the amount of total blood volume varying in a
range of 4000 to 5500 ml. Lastly, we investigate the sensitivity of ppv and svv to
settings for the arterial, venous, and pericardial pressure-volume relationships.
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Figure 3.2: Schematic representation of the cardiorespiratory model. In the lung mechanics model
(Left) the mouth opening, with airway pressure pqw, is connected to the alveoli, with pressure pg,
through the airway resistance Rqw. The dashed box around p, represents the pleural pressure (py). In
the cardiovascular model (right), the circular elements represent compartments for storage of blood,
py and pp, are the pressure in the left and right ventricle, ps ; and psq are the intrathoracic and
extrathoracic systemic arterial pressure, psp is the systemic microcirculation pressure, ps, ; and psy are
the intrathoracic and extrathoracic systemic venous pressures, ppq is the pulmonary arterial pressure,
Ppm is the pulmonary microcirculation pressure, ppy is the pulmonary venous pressure. The dashed
box around the lv and rv represents the pericardium, that induces a transmural pericardial pressure
Appeg- The solid boxes represent segments for transport of blood. Rss and Rsy are the systemic
arterial and venous resistances, Ry, ; and Ry, ; are the intrathoracic arterial and venous resistances,
Rsma and Rsmy are the systemic microcirculation arterial and venous resistances, Rpq and Rpy are the
pulmonary arterial and venous resistances, Rpmq and Rpmy are the pulmonary microcirculation arterial
and venous resistances, Lsq and Lsy are the systemic arterial and venous inertances, L, ; and Ly ;
are the intrathoracic arterial and venous inertances, Lyq and Ly, are pulmonary arterial and venous
inertances.

43



3.2 Methods

A schematic overview of the combined cardiovascular and lung mechanics model
is shown in Figure 3.2. In the lumped parameter description of the cardiovascu-
lar circulation we represent the storage of blood in vessels and cardiac ventricles
through ‘volume-storing’ compartments, and transport in vessels through seg-
ments connecting these compartments. This transport is driven by the difference
in absolute pressure between these compartments. In general, the absolute com-
partmental pressure, p, is given by:

P = AP+ Appes + P (3.9)

Here, Ap is the transmural pressure drop over the ventricular or vascular wall,
Appeq is the transmural pericardial pressure drop, and py, is the pleural pressure.
Here, Ap,cq applies for the left and right ventricle only. Similarly, p, applies only
for intrathoracic circulation compartments. The extrathoracic compartments are
subject to zero external pressure.

3.2.1 Cardiovascular model

Cardiac compartments

Left and right ventricles of the heart are described with the one-fiber model
(Bovendeerd et al., 2006). The one-fiber model relates local myocardial tissue
behaviour (stress and strain) to global cardiac behaviour (volume and pressure),

according to:

Ap = %(aa,f—k opf—2-0,)-In <1 + V_\;,) (3.2)
Here, Ap is the transmural cavity pressure drop in the ventricle, o, is the active
fiber stress, o, 5 is the passive fiber stress, o, is the passive radial tissue stress,
V is the cavity volume and V,, is the corresponding wall volume. The relation-
ships for o, 5, 0 r and oy, are taken from literature (Bovendeerd et al., 2006), and
are summarized in the Appendix. This cardiac model captures physiological be-
haviour such as the Starling mechanism, illustrated in Figure 3.3A, through the
stroke volume - preload effect.
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Figure 3.3: Cardiac and vascular properties used in the reference (black) and linearized (gray) model.
Panel (A) shows the left ventricle properties, where Vs, is left ventricle stroke volume and penq,dia
is left ventricular end diastolic pressure. Panel (B) shows pericardial properties, where Ap,.s and
Vpea are the pericardial pressure and volume, respectively. Panel (C) shows arterial properties where
Apsq,i and Vg ; are intrathoracic arterial pressure and volume, respectively, and panel (D) shows
venous properties, where Aps, ; and Vs, ; are intrathoracic venous pressure and volume, respectively.

The ventricles are contained within the pericardium, that induces a pressure
drop (Appca), depending on pericardial properties and volume (Vjcq) (Smith et al.,
2004):

0 Vpcd < VO,pcd
Apped = Pocdo (e,\(v,,m—vo,,,m) 1) Vi > Vo pea- (3.3)
Vpcd = Vlv + Vw,lv + Vrv + Vw,rv- (34)

Here, ppea0 is a pressure constant, A is the stiffness parameter, V, and V,,
are the left and right ventricle cavity volume, respectively, V,,,, and V,, », are the
corresponding wall volumes, and Vg pcq is the pericardial unstressed volume. A
visual representation of the non-linear pericardial behaviour is shown in Figure
3.3B.

Vascular compartments

The intrathoracic large vessels (aorta and vena cava) have been shown to exhibit
a non-linear pressure-volume relationship (Langewouters et al., 1984; Shapiro,
1977). We describe the transmural pressure (Ap) of the large intrathoracic arter-
ies and veins through the inverted arctan model (Langewouters et al., 1984):

1 v
Ap = pg — p1 - tan <7r-(—

Y )) with Vipin <V < Viax (3.5)
max
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Here, V is the vascular volume and pg, p1, Vmin and Vpg are fitting variables.
This relationship describes the stiffening of the large systemic arteries at high
volumes and collapse of the vena cava at low volumes, shown in Figure 3.3C &
D, respectively.

In the remaining large extrathoracic vessels, the systemic microcirculation
and the pulmonary circulation, we assume a linear pressure-volume relationship:

Ap = w (3.6)

where Vis the vascular volume, V; is the unstressed volume, and Cis the compliance.

Vascular segments

The pressure drop between compartments induces a flow g, that is determined

by the resistance (R) and the inertance (L) of a segment:
dq

Ap=R- L—. 3.7

p q+L (3.7)

Inertia is included in the segments adjacent to the four cardiac valves (Fig-

ure 4.1) (Cox et al., 2009). Valve opening is pressure driven, while valve closure

occurs when the flow through the valve becomes negative. Additionally, since

the vena cava is collapsable (Backer et al., 2014) we assume the resistance to be

related to the volume through (Albanese et al., 2015):

Vinax.svi \
Rsv,i = kr ' (M> + Rsv,i,0~ (38)

Sv,i

Here k; is a scaling factor, Vx5, is the maximum volume and Ry, ;o is an offset
parameter.

Finally, the change in volume in each compartment is based on conservation
of mass: v
dr = qin — Gout, (3.9
where g, is the inflow and g, is the outflow of blood into each volume com-
partment.

3.2.2 Lung mechanics model

To determine the pleural pressure (p,) acting on the intrathoracic compartments,
we used a simplified version of a lung mechanics model from literature (Albanese
et al., 2015). The model contains the alveoli, contained within the chest wall.

An airway resistance Rg, connects the alveoli to the mouth, represented by a
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prescribed pressure pgy, see Figure 4.1. The absolute pressures in the pleura (pp)
and alveoli (p4) are determined by:

Ppt = Ecw - (Vcw - VO,CW) (3.10)

Pa = Ppt+Ex- (Va— Vo). (3.11)

Here, E., is the time-dependent chest wall elastance, V., is the chest wall vol-
ume, Vo o is the corresponding time-dependent unstressed volume. Similarly,
E4 is the constant alveolar elastance, V, is the alveolar volume and Vg 4 is the
corresponding constant unstressed volume.

The time-varying elastance (E.y) and unstressed volume (Vp ) Of the chest
wall represent spontaneous breathing:

Ecw(t) = Ecw,pas + a(t) ' (Ecw,max - Ecw,pas) (3-12)
VO,cw(t> = VO,cw,pas + a(t) : (VO,cw,max - VO,cw,pas)- (313)

where Eqy pos and Eqw max are the passive and maximal chest wall elastance,
respectively, and Vo cw,pas and Vo cw,max are the passive and maximal chest wall
unstressed volume, respectively. The activation function (0 < a(t) < 1) represents
the effect of the respiratory muscles, modelled by a normalised, dimensionless
generic respiration function (Albanese et al., 2015):

e (24T 0<t<T;

a(t) = . _
W'(GX[)(%)—EXP(TE)) T,<t<T

Here, T is the respiratory period based on respiration rate RR (T = 60/RR),
and T = T; + T, where T; and T, represent the inspiratory and expiratory time,
respectively, and 7 is the time constant of the exponential expiratory profile.

During mechanical ventilation respiratory muscles are assumed to be passive,
hence a(t) = 0. In this case the driving force for inspiration is a positive airway
pressure (Daw):

1— —t/Tiy
pend,exp + (pv,max - pend,exp) . % 0 <t< Ti,v

Paw = Pv,max + (pi,h - pv,max) : 11?&&%%2;1{:3” Tiy<t<Tip (3.15)
Pish + (Pend.exp — Pih) - %W Tin <t<Te.

Figure 3.1 shows the visual representation of (3.15). From a starting level at

end expiratory pressure (Dend,exp), Paw iNCreases to maximal ventilation pressure

(pv,max) at the moment T;, of end inspiration, drops to a holding pressure (p; )
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at the moment T; , of end of breath holding, and drops to peng.exp again at the
moment T, of end expiration. Time constants 7;,, 7,4 and 7, determine the rate
of change during each phase.

Finally, the change in alveolar and chest wall volume is based on the air flow:

Wi _ Do
dt  dt

= Gaw; (3.16)

where the flow of air (g,,) depends on the difference between the airway pressure
(paw) and alveolar pressure (p4), and airway resistance (Rqy):

Gow = P —PA e PA. (3.17)
aw

3.2.3 Parameter estimation

Cardiovascular parameters

All model parameters are presented in Table 3.1. They represent a normal hemo-
dynamic state for a 70 kg person, characterised by a normovolemic blood volume
of 5000 ml, mean arterial pressure (psq,;) of 92.9 mmHg, mean capillary pressure
(psm) of 11 mmHg, mean venous pressure (ps, ;) of 5 mmHg, ejection fraction of
67 % and a cardiac output of 5000 ml/min during spontaneous breathing.

The wall and cavity volume of the left and right ventricles were taken from
Cox et al. (2009). The material parameters for the left and right ventricles in the
one fiber model were taken to be equal and are adopted from Bovendeerd et al.
(2006). Pericardial properties are taken from Smith et al. (2004). The systemic cir-
culation contains 90% of the blood volume, distributed over the arteries (17.5%,
25% of which intrathoracic), capillaries (5 %) and veins (77.5%, 5% of which in-
trathoracic) (Albanese et al., 2015). The total unstressed volume is 70% of the
blood volume (Feihl et al., 2009) and distributed accordingly. Pulmonary circu-
lation contains 10% of the blood volume, with (unstressed) volumes distributed
over arteries, capillaries and veins in the same way as in the systemic circula-
tion. Inertances were taken from Cox et al. (2009) and divided over intra- and
extrathoracic compartmens similar to the above mentioned quantities.

The parameters for the intrathoracic arteries in (3.5) were taken from Lange-
wouters et al. (1984). For the intrathoracic vena cava, we tuned (3.5) to the orig-
inal collapsible tube law (Shapiro, 1977), with the bending stiffness (K,) taken
from Muller et al. (2014) for tibial veins. The linear compliance and resistance
parameters of the systemic vessels were tuned to satisfy the above mentioned
pressures and cardiac output. Pulmonary resistances are calculated as a fraction
(20 %) of systemic values (Shoukas, 1975). Pulmonary compliances were tuned to
obtain realistic mean pulmonary pressures; py, is about 20 mmHg, p,n, is about
11 mmHg and pp, is about 10 mmHg.
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Table 3.1: Cardiovascular parameter settings, units and references used in the reference scenario of
the model.

Symbol  Value Unit Equation  Reference

Ags 1.75 m? 3.24 Belloni et al. (2008)
Cpa 7.31 ml/mmHg 3.6 Calculated

Com 1041  ml/mmHg 3.6 Calculated

Cov 0.55 ml/mmHg 3.6 Calculated

Csa 2.88 ml/mmHg 3.6 Calculated

Com 0.14 ml/mmHg 3.6 Calculated

Cs 106.45 ml/mmHg 3.6 Calculated

k, 1 - 3.8 Albanese et al. (2015)
Lpa 90 mmHg - ms?/ml 3.7 Cox et al. (2009)

Ly, 90 mmHg - ms?2/ml 3.7 Cox et al. (2009)

Lsg 67.5 mmHg - ms?/ml 3.7 Cox et al. (2009)

Lsa 22.5 mmHg - ms?/ml 3.7 Cox et al. (2009)

Lg, 85.5 mmHg - ms?/ml 3.7 Cox et al. (2009)

Lsy,i 4.5 mmHg - ms?/ml 3.7 Cox et al. (2009)

P0,sa 40 mmHg 3.5 Langewouters et al. (1984)
Po,sv 9.5 mmHg 3.5 Albanese et al. (2015)
P1,sa 50 mmHg 3.5 Langewouters et al. (1984)
P1,sv 7 mmHg 3.5 Albanese et al. (2015)
Pped,0 0.50 mmHg 3.3 Smith et al. (2004)
Rpa 16.5 mmHg - ms/mlL 3.7 Calculated

Rpma 169.6 mmHg - ms/mlL 3.7 Calculated

Romv 23.1 mmHg - ms/mlL 3.7 Calculated

Ryv 15.2 mmHg - ms/ml 3.7 Calculated

Rsa 150 mmHg - ms/ml 3.7 Calculated

Rsq,i 50 mmHg - ms/mlL 3.7 Calculated

Rsma 1039.6 mmHg-ms/ml 3.7 Calculated

Rsmy 49 mmHg - ms/mlL 3.7 Calculated

Ry, 3.5 mmHg - ms/mlL 3.7 Calculated

Rsv.io 25 mmHg - ms/ml 3.8 Albanese et al. (2015)
Vo,pa 112.50 ml 3.6 Calculated

Vo, ped 500 ml 3.3 Calculated

Vo,om 1938 ml 3.6 Calculated

Vo pv 368.13 ml 3.6 Calculated

Vo,sa 157.7 ml 3.6 Calculated

Vo,sm 27.56 ml 3.6 Calculated

Vo,sv 22575 ml 3.6 Calculated

Viminsai 100 ml 3.5 Calculated

Vimax,sa,i 320 ml 3.5 Langewouters et al. (1984)
Vminsv,i 100 ml 3.5 Calculated

Vimax,sv,i 668 ml 35,38 Calculated

Vv 200 ml 32,34  Coxetal. (2009)

Vivv 100 ml 32,34 Cox et al. (2009)

A 0.03 - 3.3 Smith et al. (2004)
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Table 3.1: Lung mechanics parameter settings, units and references used in the model
— continued

Symbol  Value Unit Equation Reference

E, 0.05 cmH,0/ml 311 Albanese et al. (2015)
Po.pl -5 cmH,0 3.18,3.19 Albanese et al. (2015)
Raw 1.7 cmH;0 -ms/ml 3.17 Albanese et al. (2015)
Vo.a 1400 ml 311 Albanese et al. (2015)
Vere 2400 ml 3.11 Albanese et al. (2015)
T 555 ms 3.14 Albanese et al. (2015)
Tiy 1000 ms 3.15 Innes et al. (1993)

Tih 50 ms 3.15 Innes et al. (1993)

Te 500 ms 3.15 Innes et al. (1993)

Lung mechanics parameters

In the lung mechanics model, R, and E4 were calculated by lumping resistances
and compliances from the model by Albanese et al. (2015). Other parameters
were calculated using data from literature (Innes et al., 1993), measured dur-
ing mechanical ventilation and spontaneous breathing in healthy volunteers and
patients. We selected one volunteer and one patient for our model simulations.

For mechanical ventilation, we considered the passive equilibrium state of
the alveoli and the chest wall, characterised by patient-specific properties Vg 4
and Vg .. At end expiration of normal breathing (p4 = 0), V4 equals the functional
residual capacity (Vrrc) and pleural pressure equals pg ,. From (3.11) we can
determine Vg 4 with:

Vou = Virc + ’%. (3.18)

A
Here, Vrrc and pg p are taken from literature (Albanese et al., 2015). In this passive
equilibrium state it holds that ., = Ecy pas, and Vo.cw = Vo,cw,pas- Then (3.10) and
(3.11) can be combined to determine the relation between po p;, Vo4 and Vo cw,pas:

1

_— + = 3.19
(Ecw,pas EA) ( )

VO,cw,pas = VO,A —Popt -

where we consider that V4 = V.

To determine the passive chest wall elastance (Ew,pes) in mechanical ventila-
tion, we note that in the passive state the total lung elastance (£;) equals:

EL =Ex+ Ecw,pas' (_7)20)
Here, we take E, from literature (Albanese et al., 2015), and determine E; from

measurements of tidal volume (V7) and peak airway pressure (p, max), Obtained
during mechanical ventilation (Innes et al., 1993):

pV max
EL =——. 21
=B (321)
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Combining (3.20) and (3.21) we can calculate Eqy pas.

For spontaneous breathing, (3.12) and (3.13) are driven by additional patient-
specific properties, Eqy,max and Ve, max. IN our simulations, these parameters were
manually tuned until simulated V7 visually matched experimental Vr during spon-
taneous breathing (Innes et al., 1993).

3.2.4 Simulations performed

The model was implemented in MATLAB 2014b. Differential equations were
solved by forward Euler integration with a time step of 1 ms. All simulations
started with 25 cardiac cycles without ventilation or breathing, in order to achieve
a hemodynamic steady state.

Firstly, to evaluate the tuning of the lung mechanics model, we simulated
one volunteer experiment from literature (Innes et al., 1993) during spontaneous
breathing and mechanical ventilation. For mechanical ventilation pg, was im-
posed by tuning (3.15) to the experimental data. AV, was qualitatively compared
with experimental data.

Secondly, we simulated one anesthetized patient from the same study (Innes
et al., 1993), during mechanical ventilation. We used measured lung elastance
(Er), maximal airway pressure (paw), and tidal volume (V7) reported for this pa-
tient. AV, was qualitatively compared to experimental data, and the effect of
mechanical ventilation on the circulation was evaluated by calculating ppv and
Swv.

Specifically, ppv is calculated as follows (Michard et al., 2000):

ﬁmax - ﬁmin
pp (pmax + pmin)/2 ( )

Here, pmax and ppin are the maximum and minimum intrathoracic arterial pulse
pressure during one breathing cycle. The pulse pressure is obtained from the
systolic and diastolic pressure in the intrathoracic arterial compartment during
one heart beat.

For svv the same principle is used:

Vs lv,max — Vs lv,min
Sw = 2 = -100. 3.23
(Vs,lv,max + Vs,lvmin)/2 ( )

Here, Vs max and Vs i min are the maximum and minimum left ventricle stroke
volume during one breathing cycle, respectively. Since the ventilation cycle time
does not correspond to an integer number of cardiac cycle times, ppv and sw
values vary slightly between consecutive breathing cycles in a hemodynamically
stable situation. Therefore, similar to clinical practice the mean value of 3 subse-
quent ventilation cycles was used. We simulated 23 consecutive, 3 cycle intervals
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to quantify mean and standard deviation of ppv and svv. Each simulation was re-
peated for (mild) hypo- (4500 ml) and hypervolemic (5500 ml) states.

Thirdly, we investigated the relationship of ppv and svv to total blood volume
Vi in detail by simulating the experimental protocol of (Belloni et al., 2008). In
this study, ppv, svv, and change in cardiac index (AC/) were measured within 5
minutes before and after a fluid challenge of 7 ml/kg hydroxyethyl starch. We
simulated this by performing a fluid challenge of 7 ml/kg of 0.9 % saline in our
standard 70 kg patient (490 ml), with mechanical ventilation as in the previous
simulation, for initial blood volumes varying from 4000 to 5500 mL.

To compare with experiments, we calculated the dynamic indices and car-
diac index before fluid challenge as ppvy, svvy and Cly. Cardiac index (C/) was
calculated as follows:

HR - Vs

Cl= ,
Ags

(3.24)

where HR is the heart rate in bpm, Vi, is left ventricle stroke volume in [ml]
and Ags is the body surface area in m2. Index values after the fluid challenge are
denoted by ppv;s, svvis and Clis. The relative variation in cardiac index (AC/ in %)
is calculated as:

 Cls — Cho

ACI
¢ Clyo

(3.25)

Lastly, we performed a preliminary sensitivity analysis of ppv and svv to spe-
cific model properties considered relevant in literature (Michard et al., 2000; Ku-
bitz et al., 2006; Feissel et al., 2004; Wyffels et al., 2010). To examine the effect
of the pericardium, we performed a simulation with the pericardium removed
(Apped = 0). To investigate the non-linear effect of arterial stiffening we Lin-
earized (3.5) about the working point in the simulation of normal hemodynamics,
characterised by Viersqi (240 ml) and Aprersai (92.9 mmHg). To investigate the
effect of venous collapse, we linearized (3.5) around Viersvi (175 ml), and Apyefsy.i
(0 mmHg) for the intrathoracic vena cava:

d
Apiin = Apreg+ 21 (V= Viep), (3.26)
av|,

ref

This results in linearized functions for Apsq ;, Aps,.; shown in Figure 3.3. Simula-
tions based on the experimental protocol by Belloni et al. (2008), were repeated
with one model variation at a time. Qualitative differences in the trends in the
dynamic indices were analyzed.
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3.3 Results

3.3.1 Mechanical ventilation vs. spontaneous breathing in a healthy
volunteer

Figure 3.4 shows measured (Innes et al., 1993) and simulated lung mechanics
data for a healthy volunteer during spontaneous breathing and mechanical ven-
tilation. Measured and calculated patient-specific parameters are shown in Ta-
ble 3.2.

Figure 3.4A shows that measured airway pressure (pq,) sSampled over multiple
spontaneous breathing cycles by Innes et al. (1993), is about zero. In the model,
paw Was set to zero, and inspiration is driven by the activation function (3.14).
Settings of patient-specific parameters (E;, Ecw,pas,Vo,cw,pas) Were obtained from
simulation of mechanical ventilation for the same subject. Additionally, Eqy, max
and Ve, max Were tuned to a tidal volume of about 1500 ml (Figure 3.4B). This
spontaneous breathing results in a variation of p, from -5 to -12 cmH,0 in each
breath (Figure 3.4A).

Figure 3.4C shows that measured airway pressure (pqy), sSampled over multiple
mechanical ventilation cycles by Innes et al. (1993) is not cyclic. In our model we
assumed a continuous pressure course from 0 to 18 cmH;0 as input. Figure 3.4D
shows measured and simulated change in alveolar volume (AV,). This change
can be quantified by a tidal volume (V) of about 1500 ml, which corresponds
to experimental data. The imposed airway pressure results in an increase in py
from -5 to +4 cmH;,0 (shown in Figure 3.4C in gray).

3.3.2 Mechanical ventilation in a patient

Figures 3.5E-H show measured (Innes et al., 1993) and simulated lung mechan-
ics data for an anesthetized patient for normal blood volume of 5000 ml. Since
we are interested in ppv and svv, we show three cycles of mechanical ventila-
tion. Measured and calculated patient-specific parameters are shown in Table 3.2.
Measured airway pressure (pay) is sampled by Innes et al. (1993) over multiple
ventilation cycles.

We approximate the non-cyclic pressure course from the experiment by a
cyclic input for the model. This imposed airway pressure pg,, results in an increase
in pp from -5 to +9 mmHg (shown in Figure 3.5E in gray). Figure 3.5F shows that
measured and simulated change in alveolar volume (AV,) equals about 620 mL.

Maximum and minimum pulse pressure in the systemic arteries equal 37 and
34.4 mmHg, respectively (Table 3.3). Averaged over 23 consecutive intervals of 3
cycles, we find a ppv of 7.2 + 0.3 %. Ventilation affects variation of right ventric-
ular volume (V,,) more than that of left ventricular volume (V).
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Table 3.2: Results for subject- specific parameter calculation and fitting used in the healthy volunteer
and anesthetized patient simulations.

Output Volunteers Patient  Unit Derivation
ventilation  breathing
Ecw pas 0.033 0.033 0.018 cmH,0/ml  (3.21)
Ecw,max - 0.0059 - c¢cmH;0/ml  Innes et al. (1993)
E 0.011 0.011 0.0233 c¢mH;0/ml Innes et al. (1993)
Pendexp 0 - 3.2 cmH;0 Innes et al. (1993)
Pin 177 - 16.4 cmH,0 Innes et al. (1993)
Pv,max 18.9 0 19.7 cmH,0 Innes et al. (1993)
RR 12 12 12 bpm Innes et al. (1993)
T; 1700 2222 1600 ms Innes et al. (1993)
Tiv 1400 - 800 ms Innes et al. (1993)
Tin 1700 - 1600 ms Innes et al. (1993)
Te 3300 2778 3400 ms Innes et al. (1993)
Vo,cwpas 3525 3525 2674 ml (3.19)
Vo.ow,max - 4252 - ml Innes et al. (1993)
spontaneous breathing —— mechanical ventilation ——
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Figure 3.4: Healthy volunteer results of the experiment by (Innes et al.,, 1993); simulation results
are shown in solid lines; experimental results are shown in symbols. Panel (A) shows lung pressure;
airway pressure (paw in black) and pleural pressure (p,, in gray) and panel (B) shows change in alveolar
volume (AVj,), during mechanical ventilation. The same variables are shown in panel (C) and (D), for
spontaneous breathing.
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Table 3.3: Minimum and maximum right ventricular (Vs,) and left ventricular (Vs ;) stroke volumes
and intrathoracic pulse pressure (p), and dynamic indices svv and ppv (mean =+ sd).

Output 4500 ml 5000 ml 5500 ml
min max min max min max
Vs v [ml] 25 62 40 72 52 74
Vs [mQ] 43 49 54 61 61 68
sw [%] 14.4 £ 0.2 121 +£01 117 +0.3
p [mmHg] 20.8 24 344 37 45 48
ppv [%] 1424+05 72403 4940.3

4500 ml 5000 ml 5500 mi

AV, [mi]
N
o o
o o
"

P, [mmHg]
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Figure 3.5: Anaesthetized patient results during 3 cycles of mechanical ventilation; simulation results
are shown in solid lines; experimental results (Innes et al., 1993) are shown in symbols. Panel (A)
shows lung mechanics pressure; airway pressure (paw in black) and pleural pressure (pp in gray), (B)
shows change in alveolar volume (AVjy), (C) shows intrathoracic arterial pressure (psq, ), and (D) shows
Left ventricle volume (V) in black) and right ventricle volume (V,y in gray) for V,; of 4500 mL. Similarly,
panel (E-H) show these variables for V}; of 5000 ml and panel (I-L) for Vj; of 5500 mL.
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Right ventricular stroke volume (Vs ») varies from 40 to 72 ml, with the lowest
value at maximal inspiration. Vs, is affected less (54 to 61 ml) and with a phase
lag with respect to the right ventricle, leading to a swwof 12.1 + 0.1 %.

Next, we turn to the simulation results in hypovolemia (4500 ml, Figure 3.5A-
D) and hypervolemia (5500 ml, Figure 3.5I-L). Lung mechanics outputs (Paw, Ppi
and AV,) are not affected by changes in Vj,. Cardiovascular outputs are highly
affected. Pressures and pulse pressures are reduced in hypovolemia (Figure 3.5C),
but ppv increases to 14.2 + 0.5 % (Table 3.3). svv increases also to 14.4 + 0.2 %.
Hypervolemia (5500) results in higher pressures and pulse pressures (Figure 3.5K),
and decreased ppv of 4.9 + 0.3 % and svv of 11.7 + 0.3 % (Table 3.3).

3.3.3 Fluid challenges in a ventilated patient

In Figure 3.6, the solid black lines show the effect of variation in blood volume
on ppv and svv for the reference model. Here, ppv decreases from 27% at 4000
mlto 5.5% at 5500 ml (Figure 3.6A). svv decreases from 18.5 % at 4000 mlto 12.7
% at 4750 ml, after which it stabilizes around 12% (Figure 3.6B).

Figures 3.6C and 3.6D show the effect of fluid loading on the change of car-
diac index (AC/), as a function of ppv before fluid loading (ppvy) or svv before
fluid loading (svvy). In the experiment (Belloni et al., 2008), AC/ increases from
about 15% at a ppvyy of 2% to about 45% at a ppvyy of 30% (Figure 3.6C). And it
increases from about 15% at a svv;y of 10% to about 45% at a svvyg of 20% to 30%
(Figure 3.6D). In the reference model, the relationship between AC/ and ppv is
similar to the experimental one. The model predicted relation between AC/ for
svv agrees fairly well with the experimental data for svvy larger than 12% (Figure
3.6D). In the model, values of svvy, stabilize at 12%, where AC/ varies from 5% to
15%.

3.3.4 Sensitivity analysis

Figure 3.6 also shows the effect of model variations. Linear arterial properties
flatten the trend of ppv values over the full volume range (Figure 3.6A, dashed
black) but do not affect svv (Figure 3.6B, dashed black). Linear venous properties
only reduce ppv with 1% in the lower Vj, range (Figure 3.6A, dashed gray) but
do not affect svv either (Figure 3.6B, dashed gray). Removal of the pericardium
results in lower ppv for blood volumes exceeding 4750 ml (Figure 3.6A, solid
gray). Now, svv decreases with increasing blood volume over the whole volume
range, as opposed to the situation in the reference simulation, where it stabilized
above 4750 mL
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Figure 3.6: Effect of variation of blood volume (Vj;) and cardiovascular properties on ppv, svv and
ACl in anesthetized patients. The effect of change in blood volume on ppvy (panel A) and svvy
(panel B) are shown. The relationship between change in cardiac index (AC/) and ppv before fluid
challenge (ppvy in panel C) and swv (swvy in panel D). Experimental results in (C) & (D) are shown
with open circles. Panels (A)-(D) show model results with reference parameters (straight black),
without pericardial constraints (straight gray), linearized arterial properties (dashed black) and
linearized venous properties (dashed gray). For clarity of the figure standard deviations of ppv and
svv are not shown.

3.4 Discussion

Clinicians use dynamic indices (ppv and swv), determined during mechanical ven-
tilation, to assess the filling status of the circulation without the risk of fluid over-
loading. The aim of this study was to develop and test a mathematical model to
investigate the dependence of ppv and svv on vascular volume, and cardiac and
vascular properties. Eventually this may lead to better understanding of the prin-
ciples of ppv and svv, and potentially a broader use of these indices in the clinic.

Our results show that we can obtain realistic changes in pleural pressure and
alveolar volume in healthy volunteers and anesthetized patients during sponta-
neous breathing and mechanical ventilation. Also, we can obtain realistic changes
in ppv, svv, and change in cardiac index for mechanically ventilated, anesthetized
patients after a fluid challenge. Thirdly, the results show that ppv and svv depend
on intravascular volume and pericardial and vascular properties, in decreasing
order.
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3.4.1 Model setup

We chose to model the cardiorespiratory system using a lumped parameter ap-
proach. The relatively low amount of model parameters to be estimated and low
computational power facilitate the eventual implementation of the model into a
clinical decision support tool that may assist in fluid administration in critically
ill patients to avoid hypo- and hypervolemia (Rosalina et al., 2019). We took ps,
as representative for the arterial blood pressure that is measured in the clinic.
Pulse wave propagation models could be used to allow for more spatial variation
of both arterial properties and locations of where pressures can be extracted from
the mode, and to account for pulse wave reflections. However, our choice seems
to be justified by the observation that computed ppv and svv are comparable to
experimental data (Belloni et al., 2008). The model parameters were tuned to an
arterial blood pressure of approximately 80/120 mmHg in spontaneous breath-
ing. During mechanical ventilation, the pulse pressure and mean arterial pressure
decrease due to positive intrathoracic pressure. In reality, this may be compen-
sated by baroregulation, e.g., with a higher heart rate. In our model baroregu-
lation is not included, so this may affect the pulse pressure slightly. We did not
include baroregulation in this model. Under normal circumstances, short term
(baro-) regulation controls arterial blood pressure. For patients under anesthesia,
we assumed that baroregulation is fully deactivated. In the healthy volunteers,
blood pressure remains around it's working level. Therefore baroregulation is not
expected to affect the trends in ppv and svv simulation results.

The cardiovascular model consists of a pulmonary and systemic circulation.
We added a nonlinear pressure-volume relationship for the large vessels, to ac-
count for arterial stiffening and venous collapse (Michard et al., 2000; Feissel
et al., 2004), which have been hypothesized to be essential for ppv and swv (Feis-
sel et al., 2004; Wyffels et al., 2010). Since volume variation in the rest of the
vessels is relatively small, we assume that these pressure-volume relations can
be modeled to be linear around their reference point. Left and right ventricles of
the heart are described with the one-fiber model (Bovendeerd et al., 2006). The
one-fiber model can describe the nonlinear relation between preload and stroke
volume in the Frank-Starling curve of the heart (shown in Figure 3.3), as opposed
to our previously used linear, cycle-averaged heart model (Rosalina et al., 2019).

The simplification of the lung mechanics model presented in literature (Al-
banese et al., 2015; Chiew et al., 2011) still allows for the realistic computation
of the pleural pressure and reduces the number of parameters to be estimated.
We added a time-varying elastance model that allows for the simulation of spon-
taneous breathing and mechanical ventilation with the same model parameters.
The variation of £4 and Vg 4 is lumped into the chest wall time-varying elastance
model. However, some groups (Chiew et al., 2014) vary this separately by adding
a separate time-varying elastance model for the alveoli.
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Ventricular interaction has been shown to affect ppv and svv (Kubitz et al.,
2006; Sun et al., 1997). Literature shows that pericardial constraints account for
20 % of the total ventricular interaction, whereas septal interaction accounts for
only 2 % (Sun et al., 1997). The latter is, therefore, not taken into account in this
study. This decision may limit the applicability of the model in patients with right
ventricular failure and septal bowing.

3.4.2 Comparable models in literature

Similar models to ours have been presented in literature (Albanese et al., 2015;
Lansdorp et al., 2013; Messerges, 2006). Some models do not include mechani-
cal ventilation scenarios, but only allow for simulation of spontaneous breathing
(Albanese et al., 2015). In the work of Messerges (2006), pleural pressure was
simply modeled as a fraction of airway pressure. The authors are not able to
model the increasing systolic pressure variation in hypovolemia. The work pre-
sented by Lansdorp et al. (2013) is most similar to ours, since the authors also
investigated ppv. But their model only allows for simulations during mechanical
ventilation. Our model is unique, since we are able to model spontaneous breath-
ing and mechanical ventilation in the same subject. This can be useful for ppv
and svv determination in patients on assisted modes of mechanical ventilation
that allow for intermediate spontaneous breathing (Grassi et al., 2013). Also, our
cardiovascular model is more advanced since we included non linear compliances
and the one-fiber model of left and right ventricle. Most importantly, we have
investigated the effect of varying blood volume and specific model parameters
on the ppv and svv calculation.

3.4.3 Results

Healthy volunteer results in Figure 3.4 show that we can simulate mechanical
ventilation and spontaneous breathing for the same subject. However, some ex-
perimental data raise questions. Firstly, it must be noted that experimental air-
way pressure data does not seem cyclic. We used a cyclic variation and tuned our
ventilation scheme to reported maximal and end-expiratory pressure. Secondly,
the experimental data show extremely high tidal volumes ( =~ 1500 ml) for the
conscious volunteer group. Innes et al. (1993) note that this was due to the un-
comfortable measurement setup. Notably, the measured total lung elastance E;
is 0.011 cmH,0/ml, which is high compared to 0.005 cmH,0/ml as reported in
literature (Mittman et al., 1965). This may be due to added resistance from the
experimental setup. In this study the aim was to reproduce experimental data,
thus we adopted the measured lung elastance in our simulations.

For anaesthetized patients we used a lung elastance E; that is even higher
(0.023 vs. 0.05 cmH,0/ml), based on data from Innes et al. (1993). This cor-
responds to other findings in literature (Rehder, 1979), where it is shown that
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anesthesia results in an increased unstressed chest wall volume and chest wall
elastance. Consequently, clinically expected tidal volumes were measured in the
patient group (=~ 600 ml).

Pleural pressure (pp) is crucial in the interaction between breathing and hemo-
dynamics. We could not test p,, directly, but we find that the imposed pq, leads to
achange in V, that is comparable to experimental data (Figure 3.5E-H). Assuming
that our alveolar and chest wall properties are reasonable, this suggests that p,
is also predicted reasonably well. V,, is profoundly affected by pleural pressure
increase, since it is relatively high in relation to normal transmural pressures in
the right ventricle. This effect is caused by a decrease in right ventricular preload,
due to a reduction in venous return and an increase in right ventricular afterload,
due to increased transpulmonary pressure. Together these effects cause a re-
duction in Vs, which is maximal at end inspiration. Through serial and direct
interaction Vj, is affected as well, although much less. The changes in p, are
relatively small as compared to normal left ventricle pressures. The transient
response in left ventricular volume during the first breathing cycles, shown in
Figure 3.1, corresponds to clinical observations (Michard et al., 2000). The first
positive pressure cycle causes the pulmonary volume to be pushed into the left
ventricle, increasing V),. After a phase lag of a few heartbeats, the reduction in
Vs leads to a decrease in left ventricle preload. This decrease finally causes a
minimum of V; ;, at end-expiration. To separate between the initial and persis-
tent effect of preload variation, we computed ppv and svv from the third breathing
cycle onwards.

When simulating the experimental protocol in Belloni et al. (2008) we as-
sumed that the fluid challenge of 7 ml/kg HES could be simulated with a fluid
bolus of 490 ml. Thus we neglected the presence of starches in HES. On the time
scale of minutes to hours, this simplification might affect vascular volume and
hence ppv and swv, due to a change in transmembrane fluid transport (Rosalina
et al., 2019). However, on the time scale relevant in this study, transmembrane
fluid transport, which is osmotic pressure-driven, is negligible. When compar-
ing ppv, svv, and AC/ with experimental data, we observed a good agreement in
the trends. There are some noticeable discrepancies for low svv. In our simula-
tions svv stabilizes around 12 %, whereas the clinical data suggest a continuous
decrease. In the experiments, such low svv values were not reached. Our sensi-
tivity analysis suggests that expected clinical trends can be captured better when
reducing pericardial stiffness.

We varied arterial, venous, and pericardial properties to demonstrate their
effect on the dynamic indices. Removing the pericardial constraints affects the
relationship between blood volume and svv for blood volumes over 4750 ml (Fig-
ure 3.6). This volume corresponds to the point where total heart volume starts to
increasingly exceed the pericardial unstressed volume, causing the pericardium
to come into effect. When removing the pericardium, there is no constraint to the
volume increase of the heart. Then, during ventilation, stroke volume changes
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more freely, resulting in a low svv. This result is supported by experimental stud-
ies that report a variation in Vs, and V; ,, related to the presence or absence of
pericardial constraint (Kubitz et al., 2006; Wyffels et al., 2010). In the scenario
without pericardium, ppv is affected less than svv, because even though stroke
volume increases, the arterial compliance decreases due to arterial stiffening.
The combination of these factors leads to an increased ppmex and ppmin, and a
lower ppv. This points to an overestimation of the pericardial stiffness in our ref-
erence model, which was taken from Smith et al. (2004). The linearization of the
aorta pressure-volume relation affects ppv much more than svv, because arterial
stiffening highly affects pulse pressure. Finally, the linearization of the vena cava
properties seems to affect ppv and svv only slightly during hypovolemia. While
this result suggests that the degree of venous collapse (quantified by Aps, ; < 0)
is not so important, we must note that only a small collapse of -2 mmHg was
reached in this study. More research on the effects of venous collapse is recom-
mended.

3.4.4 Future work

Our observations hold for a specific central setting of the model parameters. It is
essential to perform a structured sensitivity analysis on the model parameters to
investigate whether the results hold beyond the current parameter settings. This
method would also allow to investigate the effect of simultaneous variations of
model parameter settings. In addition, other parameters could be varied, such as
myocardial passive and active properties and alveolar and chest wall properties.

The present work can be useful for clinical decision support in fluid respon-
siveness in various ways. Firstly, the model can be used for hypothesis generation
and testing. E.g., the effect of variation in tidal volume can possibly give insights
into interpreting ppv and svv in a broader patient group. Secondly, our ability to
simulate ppv and svv allows for coupling of our previously developed whole body
fluid exchange model (Rosalina et al., 2019) to these clinically used indices for
fluid responsiveness. The measured indices can aid in making that model more
patient-specific.

3.5 Conclusion

To conclude, we developed a cardiorespiratory model simulating how mechanical
ventilation results in pulse pressure variation (ppv) and stroke volume variation
(svv). Both indices were found to decrease with increasing blood volume until
normal filling levels, in agreement with experimental data. In hypervolemia, ppv
continued to decrease while svv increased slightly initially and became constant
eventually. Pericardial and aortic properties were found to affect these trends
clearly, while, in the current model parametrization, venous properties had only
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a minor effect during hypovolemia. These findings support the evidence-based
high sensitivity of ppv and svv to blood volume and provide insight into their
dependence on other patient properties.

Finally, we consider the current model to be a first step towards mathematical
interpretation of ppvand svv on the basis of the underlying patient characteristics,
potentially leading to a broader use of these indices in the clinical environment.
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Appendix

The one-fiber model relates local behaviour (stress and strain) to global be-
haviour (volume and pressure) (Bovendeerd et al., 2006) for each of the ventricles,

according to:
1 v,
Ap = 3(0as+0ps—=2-07)-In (1 + VW) (3.27)
Here, Ap is the transmural cavity pressure drop in the ventricle, o, is the active
fiber stress, o, is the passive fiber stress, o, is the passive radial tissue stress, V
is the cavity volume and V,, is the corresponding wall volume.

For the one-fiber model, the following equations are used, in combination
with parameters in Table 3.4 (taken from Bovendeerd et al. 2006). The passive
fiber stress is described by:

0 A< 1

I\ - (explG- (1)) —1) Ar> L. (-28)

Here, oy and ¢y are fitting parameters. The fiber stretch ratio (A\;) can be approx-
imated by:

NN

(3.29)

Az
A= <V0+3%Vw)
Additionally, the radial myofiber stress is described by:
0 A<l

Or =

Opc0 - (EXp(cC . ()\, — 1)) _ 1) A > 1 (.7).7)0)

Here, 0,0 and ¢ are fitting parameters. The radial stretch ratio () is described
by:

Finally, active stress o, is dependent on sarcomere length ((s), time passed
since activation (t;) and sarcomere shortening velocity (vs)

oa (s, ta, vs) = f(ls) g(Ls, ta) h(vs) (3.31)

with:
0 ls S lsaO

fils) = (3.32)

a0 tanh?(Co(ls — lsg0))  Ls > Lsgo.

63



g(ta) =

0 t, <0
sin®(5) 0<ta <7

1-— Sinz(—ﬂ(t“_”)) <ty <7+ T4

0

274

o <7+ 74

Tr =Tl + ar(ls - 150)

Ta = Ta1 + da(ls — lso)

1— (vs/vo)

hvs) = 1+ ¢,(vs/vo)

(3.33)

(3.36)

Table 3.4: Parameter settings, units and references used in the one-fiber model taken from Boven-
deerd et al. (2006).

Symbol  Value Unit Equation Symbol Value Unit Equation
aq 400 ms/um  3.30 Lo 1.9 ©m 3.32
ar 100 ms/um 3.30 Vo 001 um/ms 3.36
Ca 1.2 - 3.30 Td1 240 ms 3.33
Cc 9 - 3.30 T 140 ms 3.33
¢t 12 - 3.28 040 1504 mmHg 3.28
Cy 0 - 3.28 Op0 6.77 mmHg 3.28
lsq0 1.5 4m 3.32 Opco 1.50 mmHg 3.30
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Chapter 4

Investigating the influence of drugs
on the fluid distribution in surgical
patients through a mathematical
model

The work in this chapter is based on a collaboration between T. T. Rosalina,
F.L.M. Vaassen, R.A. Bouwman & P.H.M. Bovendeerd.



Abstract

Fluid administration in surgical patients is necessary to compensate for bleeding,
evaporation, perspiration and urine production. Unfortunately, administration of
the correct amount of fluid is difficult, due to the lack of applicability and sen-
sitivity of clinically available measurements, while direct measurements are not
available. This may leave patients at risk of becoming hypo- or hypervolemic.
In previous work, we developed a mathematical model to predict the fluid (re-)
distribution in the human body, and evaluated it on the basis of experimental
data obtained in healthy volunteers. In the current study we aim to test this
model for use in surgical patients. For this purpose, we extended our model
with pharmacokinetic and - dynamic models to describe the effect of anesthe-
sia, inotropes and vasopressors. We simulated three intra-operative patient sce-
nario’s, and compared measured and model predicted blood pressure and heart
rate signals. Additionally, we investigated the effect of anesthesia, inotropes and
vasopressors on the final fluid distribution. The results show that the effect of
anesthesia should be taken into account for predicting fluid distribution at the
end of surgery, whereas the effect of inotropes and vasopressors is negligible.
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4.1 Introduction

During surgery, patients lose fluid through bleeding, evaporation, perspiration,
and urine production. To avoid complications related to hypovolemia, anesthe-
siologists administer intravenous fluid (Latta, 1832). However, administration of
too much fluid has the risk of causing hypervolemia, manifested as fluid build-up
in the interstitial space (Holte et al., 2002). This build-up may lead to complica-
tions such as microvascular compression, decreased renal function, and severe
discomfort. Avoiding these complications is hard due to the limited sensitivity
of clinically available measures, while the lack of direct measurements of fluid
status are lacking.

Arterial blood pressure is one of the clinical measurements most used as a
surrogate for fluid status (Cecconi et al., 2015). Indeed, arterial blood pressure
depends strongly on vascular filling, but it is also affected by neurohumoral con-
trol and the effect of drugs. Additionally, vascular filling is not a good indicator of
interstitial fluid status. It has been shown that vascular volume is well controlled
by the transcapillary exchange of fluid between the vessels and the interstitium.
For example, in volunteer experiments, approximately two-thirds of the admin-
istered fluid was shown to end up in the interstitial space on a time scale of
about half an hour (Watenpaugh et al., 1992), while the vascular volume and ar-
terial blood pressure returned to normal quickly. These observations show that
arterial blood pressure is not an ideal measure for hypervolemia related compli-
cations. Other clinically used, indirect, measurements for fluid status and fluid
responsiveness include dynamic indices pulse pressure variation (ppv) and stroke
volume variation (svv). These indices are proven to be highly related to the vascu-
lar filling status (Michard et al., 2000; Marik et al., 2009), but they do not directly
predict the interstitial fluid status and hypervolemia-related complications.

In our research, we aim to develop a clinical decision support model for fluid
administration, combining vascular and interstitial fluid status. First, we devel-
oped a cardiovascular fluid exchange model and tested this model for fluid redis-
tribution after saline infusion in healthy volunteers (Rosalina et al., 2019). Next,
we included cardiorespiratory interactions to simulate clinically used indices, ppv
and swv. In this chapter, we present a pilot study on the role of drugs in surgical
patients.

Drugs will affect blood pressure. Vasopressors and inotropes like phenyle-
phrine, ephedrine and noradrenaline increase blood pressure. Anesthesia, in-
duced for example by propofol or sevoflurane, reduces blood pressure directly as
well as the action of the baroreflex, that controls arterial blood pressure (Sellgren
et al., 1994). The extent of this reduction is unclear. Changes in blood pressure
directly influence the fluid balance by changing capillary pressure and the fluid
exchange rate (Rosalina et al., 2019). Indirectly, drugs influence the fluid bal-
ance since the changes in blood pressure are used as a clinical guide to adapt
the infusion protocol.
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To investigate the first effect, we extend our model with the effect of drugs on
blood pressure and subsequently, on the fluid status. We describe the hemody-
namic effect of anesthetics, inotropes and vasopressors with pharmacokinetic and
-dynamics models. Whereas these models are commonly accepted and easily im-
plemented, the patient-specific estimation of the model parameter values, espe-
cially pharmacodynamic parameters, is cumbersome. In particular, patients may
respond quite differently to the same drug treatment. In clinical decision support
modeling, the balance between model complexity and output uncertainty is one
to be constantly evaluated. To evaluate this balance, we investigated which, if
any, drugs should be taken into account to predict the fluid distribution at the
end of surgery accurately.

In our approach, we coupled previously published pharmacokinetic and phar-
macodynamic models (Marsh et al., 1991; Wissing et al., 2000; Hengstmann et
al., 1982; Kazama et al., 1999; Nygren et al., 2006) to our cardiovascular fluid
exchange model (Rosalina et al., 2019). To test the predictive capabilities of the
model, we perform a pilot study with simulations of three perioperative patients.
Firstly, we model all three patients using generic values for the pharmacokinet-
ics and -dynamics model parameters. We compare simulated blood pressure and
heart rate to the measurements and calculate the fluid distribution in these pa-
tients. Secondly, parameters are manually tuned to better approximate blood
pressure measurements for each patient. We expect that these patient-specific
simulations better capture the fluid distribution.

Thirdly, to investigate the effect of vasopressors and inotropes, we simulate
the patient with only a model for anesthesia. We hypothesize that the driving
force for fluid exchange is the average pressure during surgery, which is driven
by anesthesia. To test this hypothesis further, we perform additional simulations
without any effect of drugs. Here, only the effect of fluid administration and fluid
loss contributes to the change in blood pressure. To investigate the effect of
baroregulation, we perform the simulations without any drugs with and without
regulation. Based on these results, we analyze the effect of drugs on the fluid
distribution at the end of surgery.

4.2 Methods

The cardiovascular and fluid exchange model is extensively described in Rosalina
et al. (2019). In short, we combined the cardiovascular system, including the
heart, systemic circulation, and baroregulation, with a description for urine pro-
duction, and fluid exchange. In this chapter, we extend the model with pharma-
cokinetics and - dynamics models for perioperative drugs, anesthetics, inotropes
and vasopressors.
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Figure 4.1: Schematic overview of the cardiovascular fluid exchange model: the left ventricle (LV)
generates a blood flow (Jcp) that passes through the arteries (art), capillaries (cap) and veins (ven)
facing a total resistance that is composed of an arterial and a venous part (Rt and Ryen). The baroreg-
ulation responds to the deviation of the mean arterial pressure (par) from a reference pressure (),
and affects Rgrt, venous unstressed volume (Vi o), heart contractility (Emax) and cardiac cycle time
(Teycte)- The Bainbridge reflex responds to the deviation of the mean venous pressure (pyen) from the
venous reference pressure (py, ) and affects Tyqe. The fluid exchange with the environment is de-
termined by a basal fluid intake (Jisake), fluid infusion (Jj,f), bleeding (Jpieeq), urine production (Jy) and
insensible losses (Jjys). The fluid exchange between the vascular compartment and the interstitium
(int) consists of transcapillary fluid flow (Jy,7c) and lymphatic fluid (/y;). These fluid flows are related
to corresponding transcapillary (Jm,7c) and lymph protein flows (Jy,.).
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4.2.1 Cardiovascular fluid exchange model

Our cardiovascular fluid exchange model (Rosalina et al., 2019) is shown schemat-
ically in Figure 4.1. It includes a cycle-averaged model for left ventricular func-
tion. The pressure is determined by a linear relationship between pressure and
volume, described by the maximal and passive elastances of the left ventricle
(Emax and Epgs). The arterial and venous pressure are determined by compliances
and unstressed volumes. Capillary pressure is calculated with cardiac output and
peripheral resistance.

Arterial pressure is regulated by baroregulation and the Bainbridge reflex
(Jongen et al., 2016; Rosalina et al., 2019). This regulation works through a re-
sponse of four cardiovascular effectors; the cardiac contractility (Enqx) and cardiac
cycle time (T¢yce), precapillary peripheral resistance (Rqq), and venous unstressed
volume (Vien.0).

The fluid exchange model describes the intake of fluid, through intravenous
infusion (/i) and basal intake (Jinrake), the loss of fluid, through bleeding, (peeq),
perspiration (J,er), and urine production (Jy), and the exchange of fluid (subscript
V) and proteins (subscript M) between the vascular and interstitial space, through
transcapillary (subscript TC) exchange (v, rc, Jm,7c), and lymph (subscript L) flow
Uv.L, Jm1). The balance between hydrostatic and osmotic pressure is the driving
force for transcapillary fluid exchange, moving volume and proteins in between
the vascular (Vp., Mp.) and interstitial compartment (V), M)).

Juptakel

C3IV3 : Cllvl : C21V2

Kie
I<1Ol
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Ce —>

Figure 4.2: General three-compartment model used to the simulate the pharmacokinetic drug path-
way with effect-site compartment. C; and V; are the plasma concentration and volume, C; and V,
are the tissue concentration and volume, Cz and V3 are the deep tissue concentration and volume, C
is the effect-site concentration, Jypake is the infusion rate, k1, and k1 are the exchange rate between
plasma and tissue, k13 and k31 are the exchange rate between plasma and deep tissue, k1o is the
elimination rate from the plasma compartment, and kq, and kg are effect site intake and elimination
rates, respectively.

74



4.2.2 Pharmacokinetics

Pharmacokinetics describes the uptake, distribution, and elimination of drugs by
the body. The distribution is generally modeled by a 3-compartment model with
an effect site (Marsh et al., 1991; Kazama et al., 1999), shown schematically in
Figure 4.2. The basic compartments are the central blood compartment, with
drug concentration C; in mg/L and volume V; in |, a tissue compartment, with
concentration C; in mg/l and volume V; in |, and a deep tissue compartment,
with concentration Gz in mg/L and volume V3 in L. Uptake Jyptake in mg/min can
occur through intravenous infusion or inhalation (Section 4.2.3). Elimination oc-
curs through drug metabolism, described through a rate constant kqg in min—1.
Exchange between compartments is determined with rate constants k1, k1, K13

and k31 in min—L.

The corresponding mass balance equations are as follows:

dC
Vl'Ttl = Juptake — K12 - V1 - Co+ k1 - Vo - Go — ki3 - Vi - 4 (4.1)
+ksy- V-G —ko- V-G
(@)
Vz'T:klz‘VrCl*ku'Vz'Cz (4.2)
dC
V3'7;=k13'V1'C1—k31'V3'C3 (4.3)

Finally, the concentration C. in mg/l, that actually induces the effect, is related
to the concentration in the blood compartment (C;), according to Kazama et al.
(1999):

dc,

T: = (1 - kie — Ce - keo, (4.4)
with the rate constants for transport from blood compartment to the effect com-
partment (k1) and for effect elimination (keg), in min—1.

4.2.3 Administration pathways

Perioperative drugs can be administered through intravenous or inhalation path-
ways. The intravenous pump infusions are modeled through a constant rate
(uptake) iIn mg/min, determined by the concentration (Cyyg) in mg/ml and infusion
speed (Garg) iN Ml/min:

juptake = Qdrug * Cdrug- (45)

For intravenous bolus infusions, we use a Dirac delta function 4(t), multiplied
with the infusion speed (G4ng) in ml/min and drug concentration (Cgyyg) in mg/ml.
Hence,

juptake = 6(0 : qdrug ' Cdrug- (46)
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The pharmacokinetic pathway of inhalation drugs occurs through uptake via
the lungs. Through mechanical ventilation, air with a concentration of anes-
thetics reaches the alveoli, where gas exchange with the blood takes place. We
assume a steady state situation, in which the blood concentration (C;) is propor-
tional to alveolar concentration (pq,). To determine pq, in mol/m?, we use the
ideal gas equation:

_ Caty * Patm

Palv = “R.T

Here, Cyy is the alveolar concentration in %, Py, is the atmospheric pressure in

Pa, R is the ideal gas constant inJ/mol - K, T is the temperature in K. The blood
concentration (C; in mg/l) is obtained from:

(4.7)

C1 = Xs6 - pav - Mdrug -1000, (4.8)

with the unitless blood-gas partition coefficient (Agg) and molar mass for a spe-
cific drug (Marg) in mg/mol.

4.2.4 Pharmacodynamics

Pharmacodynamics describes the relationship between the effect site concentra-
tion (Ce), as derived by the kinetics model, and the observed value of an effector
(E). In this study, we investigate the effect of drugs on blood pressure. Firstly,
these drugs act through cardiovascular effectors, indirectly affecting blood pres-
sure. Specifically, these effectors are the venous unstressed volume (Vien0), pe-
ripheral resistance (R,) and cardiac cycle time (T¢ce). Secondly, anesthesia re-
duces, but not completely blocks, the baroreceptor reflex (Sellgren et al., 1994).
This effect is modelled through kg, representing a change in reference effector
gain keg.

For propofol we use a sigmoidal model for the relationship between effect £
and effect-site concentration C, (Derendorf et al., 1999):

a

E = Eo(1 + Kimax - W)
50 e

(4.9)
where Ej is the reference setting of the effector, k. is the maximal relative
change of the effector value, C, is the concentration at the effect site, Csg is the

concentration of the drug that produces half of the maximal effect, and -y is the
steepness parameter.

For other drugs, we assume a linearisation around an empirical reference con-
centration:

C
E=Ey-(1+kes- C—ef).
re;

where ki is a reference change of the effector value, obtained at reference con-
centration (C.y). Our baroregulation model was described in Chapter 2 (2.28).

(4.10)
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We model the change in baroregulatory control due to anesthesia as a reduction
in reference effector gain (kef) by a dimensionless factor ksa0. The new equations
for the receptor-to-effector signal are as follows:

E= EO . (1 + kbaro . ke)j" I’(t)), (4-11)

where r(t) is the baroreflex signal, ke is the relative change of the effector with-
out anesthesia, and kyq, represents the relative reduction of this effect due to
anesthesia. We assume a linear reduction of the baroreflex sensitivity with the
anesthesia effect site concentration (Ce) to a minimum (Kpgro,min):

o (4.12)

k _ (kbaro,min -1)- CC—E +1 for Co < Cief
bare kbaro,min for Co > Cier

4.2.5 Parameter estimation

Cardiovascular parameters

The parameter settings for the cardiovascular system were tuned to yield initial
conditions for each patient such as arterial blood pressure and cardiac output,
obtained from the data (Section 4.2.6). Heart rate was expected to be higher than
normal at the beginning of surgery, due to stress. Therefore, initial conditions
were tuned to preoperative data in rest. Total blood volume (V) was determined
by an empirical equation (Drobin et al., 1999):

Vee=a1-w+ay -h> + a3 (4.13)

where w is the weight in kg, h is the height in m, and empirical parameters (a; =
32.19 ml/kg, ax=366.9 ml/m* and az= 604.1 ml).

The total blood volume is divided over the arteries (17.5 %), microcirculation
(5 %) and veins (77.5 %). The total venous unstressed volume is 70% of V},; (Feihl
et al., 2009) and divided over the vessels accordingly. Settings for most param-
eters in the fluid exchange model are taken from (Xie et al., 1995). Since urine
production is reduced during surgery, Jyy was adapted to 0.5 ml/kg/h (Gupta et
al., 2016). Remaining parameters kg, J; n, PS and Jipiake Were computed to satisfy
steady state conditions (Rosalina et al., 2019).

Propofol

Propofol is an anesthetic drug that induces a decrease in blood pressure through
a decrease in peripheral resistance and venous unstressed volume (Sullivan et
al., 2010). Weight dependent pharmacokinetic rate constants were taken from
(Marsh et al., 1991). We use the full three-compartment model with an effect
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compartment as described by the authors (Table 4.1). Since there is no informa-
tion available on the change of the effectors separately, the cumulative change
in blood pressure is used to determine parameter settings. Kazama et al. (1999)
describe the total effect of propofol on blood pressure, characterised by Csg, Kmax
and ~. Pharmacodynamic parameters are taken from this study and k. is deter-
mined with

kmax = (part,max - pref,max)/part,max~ (4-14)

In our study, we assume Par, max is 150 mmHg and pref max is 80 mmHg. We simulate
this cumulative effect through the underlying sigmoidal model (4.9) for R, and
Vien,0 (Table 4.2). Finally, there is an effect on the baroregulation, that is modeled
through (4.12). Since there is little quantitative data on the effect of anesthesia
on the baroregulation, the reference concentration (Cy), is determined from man-
ual tuning to patient A. Kparo,min IS tuned so a maximal reduction to 20 % of the
baroregulation strength can be achieved (Table 4.3).

Sevoflurane

Sevoflurane is an anesthetic inhalation drug with similar effect on blood pressure
as propofol. This drug is modeled using a two-compartment model with an ef-
fect site compartment, adapted from (Wissing et al., 2000). Pharmacokinetic rate
constants are taken from Wissing et al. (2000) and )4 is taken from Ghimenti
et al. (2013). Due to a lack of data on the effect of sevoflurane on blood pressure,
kep was manually tuned to patient A. The pharmacodynamic parameters in the
linear model (Equation 4.10), were determined from patient A as well. The con-
centration at maximal blood pressure drop is labeled Cef. Subsequently, k. was
taken from literature (Ciofolo et al., 1999) In our study, we simulate the pharma-
codynamic effect with our linear model (4.10) for R, and Vien 0. Finally, the effect
on the baroregulation is modeled through Equation (4.12). Since there is little
quantitative data on the effect of anesthesia on the baroregulation the reference
concentration Cpy, is determined from tuning to patient A. Kygr0 min is tuned so a
maximal reduction to 20 % of the baroregulation strength can be achieved.

Phenylephrine and ephedrine

Phenylephrine and ephedrine are both drugs that induce a quick increase in blood
pressure. They are modeled by a 2-compartment model with an additional effect
site, based on the work by Hengstmann et al. (1982). Pharmacokinetic parameters
are taken to be the same for both drugs. The injection of these drugs leads to an
increase in blood pressure by an increase in vascular resistance and decrease of
venous unstressed volume. Ephedrine has an additional effect, reducing cardiac
cycle time. For phenylephrine, the relative change of R, for a reference concen-
tration (Cry) is taken from Nygren et al. (2006). We assume that there is an equal
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relative change in Vien 0 (Magder, 2016). For ephedrine, no reference pharmaco-
dynamic data were found. Therefore, C.rand Ey, in our linear pharmacodynamic
relationship (4.10), are manually tuned to patient A. Here, we assume the maxi-
mal effect site concentration is achieved, taken from the pharmacokinetic results
in patient A, and this can be related to a change in R,. From Nygren et al. (2006)
the maximal increase of R, through ephedrine is taken to be 9%. An equal relative
change in Vien0 and Teyee is assumed (- 9%).

Noradrenaline

Noradrenaline is also a vasopressor, inducing a quick increase in blood pressure.
This drug is characterised by a short elimination half time of 2.5 minutes (Farma-
cokinetisch Compas, 2019). It is modeled through a one-compartment model, and
thus without effect-site. In this model, effect-site concentration (C,) is substituted
by plasma concentration (C;). The elimination rate from the plasma compartment
is calculated with:

(4.15)

In the study by Nygren et al. (2006), the change in R, is given for Cef, and we
assume the pharmacodynamic effect can be described by the linear model (4.10).

Table 4.1: Pharmacokinetic constants for intravenous and inhalation drugs. Rate constants (k) are
given in min—1, volumes (V) are given in , *scaled for 70 kg patient.

Symbol k1o k12 ka1 k13 k31 Kie keo
Propofol 0.119 0.112 0.042 0.055 0.0033 0.149 0.119
Sevoflurane 0.105 0.117 0.007 - - 0.12 0.096
Phenylephrine 0.0512 0.0922 0.0139 - - 0.30 0.30
Ephedrine 0.0512 0.0922 0.0139 - - 0.30 0.30
Noradrenaline 0.277 - - - - - -
Symbol V1 V2 V3

Propofol 15.96* 32.41* 202.51*

Sevoflurane 7.95 12.25 -
Phenylephrine 41.2 2988 -
Ephedrine 41.2 298.8 -
Noradrenaline - - -
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Table 4.2: Generic pharmacodynamic constants for intravenous and inhalation drugs. Concentrations
(Cs0, Crey) are given in mg/L, change of effect (kmax, krer) and steepness parameter () are dimension-
less.

Sigmoidal model  Effector Csg Kimax ¥
Propofol Ry 3.18 -046 1.86
Vien.o 3.18 046 1.86
Linear model Effector  Crer Kref
Sevoflurane Ry 9225 -0.34
Vien,o 92.25 0.34
Phenylephrine Rp, 0.006 0.46
Vien,o 0.006 -0.46
Ephedrine Rp, 0.125 0.09

Vven,0 0.125  -0.09

Teycte 0.125  -0.09
Noradrenaline R, 0.0041 040

Vven,O - -

Table 4.3: Pharmacodynamic parameters for kpqr,, concentration (Csg) is given in mg/L, change of
effect (Kparo,min) is dimensionless.

Linear model  Parameter Csg Kbaro,min
Propofol Kparo 45 0.2
Sevoflurane  kparo 101.2 0.2

4.2.6 C(linical data

A retrospective dataset was obtained from patients during elective abdominal
surgery at Catharina Hospital Eindhoven. Inclusion criteria were a surgery includ-
ing anesthesia, patients above 18 years old and a complete dataset available. Ex-
clusion criteria were heart or kidney failure or peripheral vascular disease. The
study was approved by the Medical Research Ethics Committees United (study
ID:non-WMO W17.165). The study was classified as non-WMO, and informed con-
sent was not deemed necessary as it entails a retrospective study. All data were
analyzed anonymously.

Several data were retrieved from the electronic patient information system
(EZIS test, Chipsoft ®, Amsterdam, The Netherlands) and the electronic anesthe-
sia archive (AIMS, AnStat ®, Carepoint, Ede, The Netherlands). Firstly, we ob-
tained continuous intraoperative data such as blood pressure waveforms, heart
frequency, and respiratory settings. Secondly, periodical measurements such as
hematocrit measurements, infusion boluses, blood, and urine loss were obtained.
Thirdly, patient characteristics such as age, height, and weight were obtained.
Additionally, annotations were imported and used to interpret perioperative data.
In this pilot study, three patients from the dataset are analyzed (measurements

80



are shown in black, Figures 4.3-4.5). Patient A was used for parameter tuning,
since there are little interventions, no blood loss and limited drug administration
during surgery. Patient B received similar drugs and interventions as the pre-
vious, with the addition of noradrenaline infusion through a continuous pump.
Additionally, the measurements are more dynamic. Total blood loss of 300 ml
was recorded. Patient C is the most complex, with more dynamic changes in
blood pressure and heart rate. Additionally, this dataset is different from the first
two because only propofol was used to induce and maintain anesthesia, opposed
to maintenance through sevoflurane inhalation. Total blood loss of 1200 ml was
recorded.

4.2.7 Simulations performed

The model was implemented in MATLAB 2014b. Differential equations are solved
by an Euler forward integration scheme with a time step of 0.1 s. In the generic
model all three patients were modeled using generic parameter settings for the
pharmacokinetics and -dynamics model. As described in section 2.5, generic ref-
erence concentrations for propofol, sevoflurane, and ephedrine were determined
using data from patient A. Computed and measured mean arterial blood pres-
sure and heart rate were compared. Additionally, we calculated the fluid (re-)
distribution.

For each of the patients, a patient-specific model was created by manually
tuning kyex for propofol, and k. for sevoflurane, phenylephrine, ephedrine and
noradrenaline, to match computed and measured blood pressure and heart rate
per patient (Table 4.4). Notably, for patient B & C, a better match was found by
adding noradrenaline feedback on Ve, 0. The corresponding volume distribution
was calculated.

In the anesthesia-only model the effect of the inotropes and vasopressors was
omitted, but the generic pharmacokinetic and -dynamic models for propofol and
sevoflurane were still included. With this model we solely evaluate the role of
anesthesia on the blood pressure and heart rate during surgery and volume dis-
tribution at the end of surgery. Lastly, in the no-drug model the effect of all drugs
was excluded. The simulations were performed with and without baroregula-
tion. Thus, in this scenario blood pressure and heart rate are only affected by
fluid administration.
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Table 4.4: Patient-specific pharmacodynamic constants for intravenous and inhalation drugs. Param-
eters for the change of effect (Kmax, Krer) are dimensionless.

Effector  Kmax Kref

Propofol Patient A. R, -092 -
Vven,0 092 -
Patient B. R, -0.69 -
Vven,0 069 -
Patient C. R, -092 -
Vven,0 092 -
Sevoflurane Patient B. R, - -0.34
Vven,0 - 0.34
Phenylephrine PatientA. R, - 0.69
Vven,0 - -0.69
Ephedrine Patient B. R, - 0
Vven,O - 0
Noradrenaline  Patient B. R, - 0.4
Vien,0 - -0.16
Patient C. R, - 0.4
Vven,0 - -0.16

4.3 Results

4.3.1 PatientA

Hemodynamic measurements

Interventions, drug and fluid administration, measured mean arterial blood pres-
sure, and heart rate for patient A are shown in Figure 4.3 (black). For this patient,
anesthesia is induced by a bolus of 130 mg propofol (Figure 4.3A) and maintained
with sevoflurane inhalation (Figure 4.3B). In the first 14 minutes, these drugs re-
sult in an initial blood pressure drop from 118 to 60 mmHg (Figure 4.3C), and
heart rate drop from 110 to 63 bpm (Figure 4.3D). At 14 and 21 minutes two
boluses of ephedrine, of 10 mg, and phenylephrine, of 0.1 mg, are given, each
associated with a small blood pressure increase (~ 10 mmHg) followed by small
increases in heart rate (=~ 12 bpm). Blood pressure and heart rate stabilize at
an average of 72 mmHg and 68 bpm until the end of surgery, respectively. At
88 minutes, an additional bolus of ephedrine of 5 mg is administered, followed
by a temporary increase in blood pressure. At 126 and 141 minutes, additional
blood pressure increases were measured, of 9 and 20 mmHg respectively, how-
ever, these are not associated with fluid or drug administration.
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Simulations of blood pressure & heart rate

The model predictions for blood pressure and heart rate are shown in Figure
4.3C & D, respectively. In the generic model (Figure 4.3, dark blue), the propofol-
induced pressure drop is underestimated (Apg: = -21 vs. -58 mmHg at 14 min-
utes) in the beginning of surgery. At the same time, heart rate increases from
65 to 83 bpm, in contrast to the experimental data where blood pressure de-
creases steeply. At 14 and 21 minutes, the model predicts a blood pressure in-
crease of ~ 4 mmHg in response to ephedrine and phenylephrine infusion. Heart
rate slowly decays and stabilizes at 73 bpm, higher than the measured data. Inthe
long term, the average blood pressure, driven by sevoflurane, corresponds to the
measured data. At 88 minutes, the response of blood pressure to the ephedrine
bolus is delayed, but the increase in pressure corresponds to the measured data.
Some discrepancies between the simulation and measurements occur at 125 and
140 minutes, where blood pressure change was not related to fluid or drug ad-
ministration. At the end of surgery, the removal of sevoflurane administration
causes a rise in the modeled arterial blood pressure (from 70 to 118 mmHgq).

For the patient-specific model (Figure 4.3, red), the adapted model parame-
ters are reported in Table 4.4. In comparison to the generic model, the propofol-
induced pressure drop is better matched to the measurements (-68 mmHg vs. -58
mmHg). Heart rate increases more strongly, to 100 bpm. The increase in blood
pressure at 14 and 21 minutes, in response to ephedrine and phenylephrine is
more pronounced. From 40 minutes onwards, the average blood pressure and
heart rate correspond to the generic simulation results.

In the aneasthesia-only model, (Figure 4.3, light blue) arterial blood pressure
slowly decays to 68 mmHg in the first 40 minutes, close to average measured
blood pressure. The temporary vasopressor-induced increases in pressure and
heart rate, at 14, 21, and 88 minutes, disappear. Heart rate is similar to that in
the generic model results.

In the no-drug model blood pressure remains higher compared to the previ-
ous simulations throughout the surgery. In the simulation with active baroregu-
lation arterial blood pressure decreases from 118 to 117 mmHg, and heart rate
increases from 65 to 67 bpm, at the beginning of surgery. After that, blood pres-
sure increases gradually to 123 mmHg, and heart rate decreases gradually to 61
bpm, at the end of surgery. Without baroregulation, heart rate remains constant
at 65 bpm throughout the surgery. Blood pressure increases gradually to 137
mmHg at the end of surgery.

Simulations of volume distribution

During surgery, a total of 2 liters of fluid is administered to the patient (Fig-
ure 4.3E). According to the generic model, this fluid contributes to an increase of
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plasma volume from 2.55 to 2.8 L from beginning to end of surgery (Figure 4.3F),
of interstitial volume from 6.2 to 7.1 | (Figure 4.3G) and of urine volume from O to
0.6 L (Figure 4.3H). Notably, a steep decrease in plasma volume occurs as a result
of the increased blood pressure, from 175 to 200 minutes.

In the patient-specific model, simulations volumes at the end of surgery are not
affected. However, between 20 and 40 minutes, there is an increase in plasma
volume (=~ 200 ml) due to the lower arterial pressure. Correspondingly, the in-
terstitial volume is temporarily reduced (= 200 ml).

Similar volumes at the end of surgery are predicted with the anesthesia-only
model. However, in the first 40 minutes, plasma volume increases smoother and
slower, compared to the patient-specific simulation.

For the no-drug model with active baroregulation the elevated blood pressure
drives more fluid into the interstitium, causing plasma volume and urine volume
to be lower. However, at the end of surgery plasma volume converges to the
predictions of the generic model, patient-specific model, and anesthesia-only model.
At that moment, interstitial volume is higher (+600 ml) and urine volume is lower
(-370 ml), compared to prior simulations. Volume distribution results between
simulations with and without baroregulation differ by less than 30 mL

4.3.2 PatientB

Hemodynamic measurements

Interventions, drug and fluid administration, non-invasively (stars) and invasively
(line) measured mean arterial blood pressure, and heart rate for patient B are
shown in Figure 4.4 (black). For this patient, anesthesia is induced by a bolus
of 200 mg propofol (Figure 4.4A) and maintained with sevoflurane inhalation
(Figure 4.4B). These drugs result in an initial blood pressure drop from 119 to
58 mmHg (Figure 4.4C), and heart rate drop from 75 to 49 bpm (Figure 4.4D). At
the beginning of surgery, ephedrine and phenylephrine are given through four
boluses of 5 mg (Figure 4.4B), with no clear blood pressure increase observed in
the data. Therefore, a noradrenaline infusion pump (0.1 mg/ml) was connected at
90 minutes (Figure 4.4B), causing a blood pressure increase of about 30 mmHg.
Subsequently periods of noradrenaline infusion at 200 and 231 minutes, cause
a blood pressure increase of about 30 and 40 mmHg, respectively. Although
no interventions were recorded from 120 to 200 minutes, oscillations in blood
pressure and heart rate are measured. Blood pressure remains at an average of
82 mmHg until the end of surgery. Heart rate continuously increases to 69 bpm
at the end of surgery. Notably, there are steep changes in blood pressure and
increases in heart rate from 185 to 200 minutes and 267 to 278 minutes. These
are not associated with fluid or drug administration, and possibly associated with
bleeding. The increase in HR suggests some baroreflex activity.
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Simulations of blood pressure & heart rate

The model predictions for blood pressure and heart rate are shown in Figure 4.4C
& D, respectively. With the generic model (Figure 4.4, dark blue), at the beginning
of the surgery, the propofol-induced pressure drop is underestimated, as was also
the case in patient A (-10 mmHg vs. -49 mmHg at 46 minutes). The model shows
responses to the ephedrine boluses at 37, 47, 79, and 86 minutes, whereas the
patient did not respond to the boluses. Notably, when starting noradrenaline in-
fusion, the increase in blood pressure seems quicker than the measured response.
At the end of surgery, blood pressure and heart rate increase, as was also the case
in patient A. On average, blood pressure stabilizes around 75 mmHg, correspond-
ing closely to the measured blood pressure.

For the patient-specific model (Figure 4.4, red), the adapted model parameters
are reported in Table 4.4. Here, the propofol-induced pressure drop (-55 mmHg
vs. - 49 mmHg) is better matched to the measurements. At 91 minutes, there is a
better correspondence of blood pressure during noradrenaline infusion compared
to the generic model results. In the long term, average blood pressure remains the
same as for the generic model. Interestingly, at 200 and 231 minutes, the admin-
istration of noradrenaline causes a more pronounced increase in blood pressure
as compared to the generic model, along with minor drops in heart rate.

In the anesthesia-only model, (Figure 4.4, light blue) arterial blood pressure
slowly decays to 55 mmHg and heart rate increases to 69 bpm. Similar to patient
A, the temporary increases in blood pressure, associated with ephedrine and no-
radrenaline infusion, disappear.

In the no-drug model with active baroregulation arterial blood pressure re-
mains high, comparable to patient A. Blood pressure is increased from 119 to
125 mmHg at the end of surgery. Heart rate remains constant at 55 bpm. Again,
arterial blood pressure is highly affected when baroregulation is turned off. In
this case, at the end of surgery, pressure has increased from 119 to 149 mmHg,
and heart rate gradually decreased to 50 bpm.

Simulations of volume distribution

During surgery, a total of 3 liters of fluid is administered to the patient and 0.3
liters of blood loss is recorded (Figure 4.4E). According to the generic model, this
fluid contributes to an increase in plasma volume from 3.5 to 4.3 L from beginning
to end of surgery (Figure 4.4F), interstitial volume from 10.3 to 10.6 L (Figure 4.4G)
and urine volume from O to 1.6 L (Figure 4.4H).

In the patient-specific model simulations volumes at the end of surgery are not
affected, similar to the results of patient A. Still, between 20 to 40 minutes, there
is a temporary increase in plasma volume (=~ 200 ml), and decrease in interstitial
volume (=~ 200 ml).
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For the anesthesia-only model similar volumes, to the previous model, at the
end of surgery are found.

In the no-drug model, plasma volume converges towards volumes predicted in
the previous simulations at the end of surgery. However, during surgery, this vol-
ume is again lower than the previous simulations. This underestimation leads to
a similar increased interstitial volume and decreased urine volume, as in patient
A. Turning off the baroregulation affects the volume distribution by less than 100
mL.

4.3.3 Patient C

Hemodynamic measurements

Interventions, drugs and fluid administration, non-invasively (stars) and inva-
sively (line) measured mean arterial blood pressure, and heart rate for patient
C are shown in Figure 4.5 (black). For this patient, anesthesia is induced by a
bolus of 280 mg propofol (Figure 4.5A), and maintained with a target-controlled
infusion pump of propofol with concentration 10 mg/ml (Figure 4.5B). In the first
50 minutes, these drugs result in an initial blood pressure drop from 109 to 62
mmHg (Figure 4.5C), and heart rate drop from 82 to 48 bpm (Figure 4.5D). At 28
and 31 minutes two boluses of phenylephrine of 0.05 mg are given. At 55 min-
utes, an ephedrine bolus of 7.5 mg is given and simultaneously the noradrenaline
pump (0.1 mg/ml) is started. Together, these inotropes and vasopressors result in
a blood pressure increase from 74 to 108 mmHg, and heart rate increase from 63
to 87 bpm, as a result of ephedrine administration. Another ephedrine bolus is
given at 99 minutes, followed by phenylephrine boluses, of 0.05 mg, at 115 and
240 minutes. The effect of this can be seen in the blood pressure fluctuations. In
the long term, blood pressure is 83 mmHg on average, and heart rate increases
until 81 bpm at the end of surgery.

Simulations of blood pressure & heart rate

The model predictions for blood pressure and heart rate are shown in Figure 4.5C
& D, respectively. With the generic model the propofol-induced pressure changes
on the short term- (-17 vs. -49 mmHg at 26 minutes) and long term (+4 vs. -
30 mmHg) are greatly underestimated (Figure 4.5, dark blue). Average blood
pressure is higher compared to the measured pressure (110 vs. 83 mmHg) until
the end of surgery. Heart rate corresponds to the measured data from 25 to 125
minutes, but it is underestimated by 12 bpm until the end of surgery.

For the patient-specific model (Figure 4.4, red), the adapted model parameters
are reported in Table 4.4. Here, the propofol-induced pressure drop (-62 mmHg
vs. -49 mmHg) corresponds better to the measurements. At the same time, the in-
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crease in heart rate is overestimated. Until 150 minutes, average blood pressure
(90 mmHgq) is better matched to the measurements. After 150 minutes, there is
an overestimation in blood pressure of ~ 15 mmHg. Heart rate is underestimated
by ~ 12 bpm until the end of surgery.

The anesthesia-only model predicts blood pressure and heart rate comparable
to generic model results, without the temporary blood pressure increases created
by infusion of phenylephrine, ephedrine, and noradrenaline.

Finally, for the no-drug model simulations with active baroregulation, blood
pressure remains higher compared to previous simulations. At the end of surgery,
blood pressure is increased from 109 to 117 mmHg, converging with previous
simulation results. Heart rate remains constant at 60 bpm. Arterial blood pres-
sure is highly affected when baroregulation is turned off. At the end of surgery,
pressure has increased from 109 to 145 mmHg. Heart rate was gradually de-
creased to 54 bpm.

Simulations of volume distribution

During surgery, a total of 5 liters of fluid is administered to the patient and 1.2
liters of blood loss is recorded (Figure 4.5E). According to the generic model sim-
ulations, this fluid contributes to an increase in plasma volume from 2.5t0 2.9 |
from beginning to end of surgery (Figure 4.5F), interstitial volume from 7 to 10.4
(Figure 4.5G) and urine volume from 0 to 1.5 L (Figure 4.5H).

In the patient-specific model volumes at the end of surgery are slightly affected
(£ 100 ml). Between 20 and 100 minutes, there is an increase in plasma volume
(200 ml) related to the lower arterial pressure. Correspondingly, the interstitial
volume is temporarily reduced by 200 mL

For the anesthesia-only model simulations similar volumes are predicted at
the end of surgery. In the first 40 minutes, plasma volume increases smoother
and slower, compared to the patient-specific simulation.

In the no-drug model, plasma volume converges to plasma volume as pre-
dicted in the previous simulations at the end of surgery. However, a similar in-
creased interstitial volume and decreased urine volume, as in patient A & B are
observed. Turning off the baroregulation affects the volume distribution by less
than 100 mL
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4.4 Discussion

In our research, we aim to develop a clinical decision support model for fluid
administration during surgery. First, we developed a cardiovascular fluid ex-
change model and tested this model for fluid redistribution after saline infusion
in healthy volunteers (Rosalina et al., 2019). In this chapter, we extended the
model with the effect of drugs, to enable simulation of the fluid status in surgical
patients. In particular, we investigated which, if any, drugs should be taken into
account in our mathematical model to accurately predict the fluid distribution at
the end of surgery. The results of this pilot study show that we were able to re-
produce intraoperative blood pressure with our patient-specific model. However, if
the aim is to predict long term fluid distribution, one can make due with a model
only including models for pharmacokinetics and -dynamics of anesthesia.

4.4.1 Model setup

The model consists of our previously published cardiovascular fluid exchange
model, coupled to drugs through a pharmacokinetic and -dynamics model. We
chose a lumped parameter representation for the systemic circulation, assuming
we can neglect the right heart and pulmonary circulation. In our 0-D modeling
approach, we neglected spatial dimension (Shi et al., 2011). We considered this
approach allowed, in view of the difference in time scale between the quick con-
vective transport and mixing of the drugs in the cardiovascular circulation, as
compared to the slow pharmacokinetic and - dynamic processes.

The compliances and resistances of the cardiovascular system were tuned to
yield steady state hemodynamics for each patient characterised by preoperative
bart, Weight and height. Notably, in all perioperative results heart rate was mea-
sured to be higher than expected in rest. The measured heart rate is assumed to
be high due to stress before surgery. Therefore, our initial conditions for heart
rate are taken from preoperative measurements instead of from the surgical mea-
surements.

We included pharmacokinetics and -dynamics models for anesthesia (propofol
and sevoflurane) and vasopressors and inotropes (noradrenaline, phenylephrine
and ephedrine). The distribution of these drugs has been extensively studied in
the past (Marsh et al., 1991; Wissing et al., 2000; Hengstmann et al., 1982). For
the pharmacokinetic model structure and parameters, we rely on these studies.
Since we had no information on the pharmacokinetics of ephedrine, we assume
this is similar to that of phenylephrine. Therefore, the same parameter settings
are be used for these drugs. Volumes (V4, V3, Vi) are taken from literature as well.
It is important to note that these are volumes are model entities that and do not
represent physical volumes. For sevoflurane, little experimental data about the
effect-site concentration for blood pressure are available. Therefore we manually
tuned kg, to the available patient data.
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The pharmacodynamic setup, if available, was adopted from literature as well
(Table 4.2). However, there are little published data on pharmacodynamic models
regarding the effects on the cardiovascular effectors. E.g., studies on the effect
of sevoflurane and propofol are mostly focussed on achieving unconsciousness.
The experimental comparison of this pharmacodynamic part of the model is hard
to perform, and the patient variability is extensive (Bibian et al., 2006). In most
models, a sigmoidal relationship between concentration and effect is used. For
propofol we adopted this model from Kazama et al. (1999). However, for sevoflu-
rane, phenylephrine, ephedrine and noradrenaline we assume that the effect on
blood pressure can be linearised around their working points. We assume this ap-
proach is sufficient for this pilot study. In the patient-specific simulations phar-
macodynamic parameters were manually tuned. A structured fitting procedure
can be performed to investigate if unique solutions for parameters can be found,
increasing the reliability of the results.

No model was found in literature for the effect of propofol and sevoflurane on
baroregulation either. However, it is known that there is a reduction in barore-
flex intensity by these drugs. Based on clinical observations, we assumed a lin-
ear relationship with maximal reduction to 20 % of the original effector gains.
Experimental data to confirm this exact value is hard to obtain. However, our
simulations without drugs and with and without baroregulation show that not
much variation in output should be expected, thus baroregulation may be fully
neglected in anesthetized patients.

4.4.2 Data limitations

We tested our model on a retrospective dataset of three intraoperative patients.
These data contain discrete registrations for intravenous fluid administration, and
fluid loss, through bleeding and urine production. The exact rate of infusion is
unknown, only the connection of a new infusion bag is registered. Therefore,
we assume that fluid infusion is continuous from connection of one bag until a
new bag. Similarly, for bleeding and urine production only discrete datapoints
are available. Bleeding is included in the model as a continuous flow, based on
discrete measurements. Data on urine production were sparse and unreliable at
times. Therefore, these are not used in the simulations.

While the surgical data contain enough information for clinical decision mak-
ing, they sometimes lack the more detailed quantitative information, needed in
our model. E.g., for patient B, no cardiovascular interventions were recorded
from 120 to 200 minutes, whereas oscillations in the blood pressure tracings are
present. These might have been caused by unregistered interventions such as
movement or extra surgical stress, such as incisions. Additionally, some patient-
specific responses to the drugs can be observed. E.g., in patient B, there are two
boluses of ephedrine given, followed by a continuous infusion of noradrenaline.
The patient did not respond to the first two boluses, leading to the noradrenaline
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pump to be connected. These patient-specific responses were deduced visually
from our retrospective data. Additionally, events such as intubation, incision and
changes of position, as well as previously mentioned pain and analgesia may have
affected hemodynamics. Modeling these factors was outside the scope of this
study, contributing to some unexplained hemodynamic discrepancies between
the data and model results.

4.4.3 Model results

Hemodynamics

With our extended model, we simulated three scenario’s of perioperative patients,
comparing predicted and measured arterial blood pressure and heart rate, and
predicting volume distribution. Firstly, for all three patients in the generic model
there is a short term overestimation of blood pressure after administration of a
propofol bolus. In patient C, this overestimation of simulated blood pressure re-
mains on the long term. In patient A & B, this is not the case, since kep and kpqx for
sevoflurane are manually tuned leading to good agreement between simulated
and measured blood pressure. The pharmacodynamic parameters of propofol,
controlling the effect on blood pressure, were taken from Kazama et al. (1999).
Their experimentally measured effect does not seem to correspond to our obser-
vations. As shown by (4.14), Kazama et al. (1999) measured the effect of propofol
on blood pressure, and describe the effect as deviation of maximal blood pres-
sure (Pare,max) from a reference blood pressure (prermax). For our patients these
values were taken to be constant, and the effect on our cardiovascular effectors
is assumed to be similar to that on the blood pressure. The parameter settings
taken from Kazama et al. (1999) are not enough to capture the change in blood
pressure in our patient datasets. More research, including model improvement
and sensitivity analysis, is needed to analyze these differences.

Secondly, in all three patients, blood pressure is temporarily affected by in-
otropes and vasopressors. From the data we can conclude that there is a large
patient-variability for the response to these drugs. Distinguishing the effect of
each vasopressor or inotrope (noradrenaline, ephedrine and phenylephrine) is
hard, since different drugs may be given simultaneously. However, with our
generic model we are able to simulate the trends of temporary blood pressure
increase in each patient.

Simulating these patients with the patient-specific model in stead of the generic
model, presents the best correspondence between simulated and measured blood
pressure. Especially, the effect of propofol was tuned for all patients such that
blood pressure drop after induction, and maintenance for patient C, correspond
to measurements. Table 4.4 shows that a large variation in kpqy is needed to sim-
ulate these three patients. Additional confirmation of the importance of anes-
thesia is given by comparing the simulations performed with the anesthesia-only
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model and no-drug model, which show that average blood pressure is controlled
by propofol or sevoflurane.

In the no-drug model we also investigated the effect of baroregulation. As
expected, turning the baroregulation on and off results in a difference in arterial
blood pressure and heart rate. Although, average blood pressure is similar for
both cases and remains much higher compared to all previous simulations. This
is mainly because of the omission of anesthesia.

Fluid distribution

Finally, our goal was to investigate the effect of these drugs on the fluid distribu-
tion in these patients. Unfortunately, our dataset does not contain information
available on the plasma and interstitial volume. Therefore, we manually tuned
pharmacokinetic and -dynamic parameters (Table 4.4) to the blood pressure data
in the patient-specific model simulations. Assuming our fluid exchange model is
correct, this gives us an indication of the actual fluid distribution in the patients.
The results show that per patients, the plasma volumes at the end of surgery
converge to the same level in all models. For the generic model, patient-specific
model and anesthesia-only model there are small temporary differences (=~ 100
ml) that do not affect the plasma volume on the long term. The no-drug model
results in higher blood pressures (= +25 mmHg) which affects capillary pressure.
By extension, this results in lower plasma volume during surgery through fluid
exchange (Rosalina et al., 2019).

The close correspondence between arterial blood pressure and plasma vol-
ume was expected from the Starling equation. This regulatory mechanism shows
that for patient and volunteers with normal capillary permeability, vascular vol-
ume is strictly regulated. Determining fluid status (modeled as interstitial vol-
ume) based on plasma volume or arterial blood pressure alone is therefore unre-
liable.

Interstitial and urine volume are affected by the long-term plasma volume.
Going back to our fluid exchange model, based on conservation of mass, the ad-
ministered volume is distributed between perspiration, urine or storage in plasma
and interstitium. Since we observed plasma volume to be regulated, and perspi-
ration is modeled as a constant value, the administered volume can lead to an
increased urine or interstitial volume. Since anesthesia affects the long term
plasma volume, the pharmacodynamic effects of anesthetics must be included
in the model in order to reasonably predict the long term fluid balance. Ideally,
the model for fluid distribution has the least amount of parameters to be esti-
mated. When only interested in long term fluid distribution, one can make due
with a model only including models for pharmacokinetics and -dynamics of anes-
thesia. Temporary anesthetics, inotropes and vasopressors are not as crucial for
long term fluid predictions. However, they may have a considerable impact on
short-term predictions that may be used for intraoperative decision making.
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4.4.4 Model limitations

It is important to note that this is a pilot study. As discussed above, the choice
of the drug models and the associated parameter settings was not without prob-
lems. In addition, the model was evaluated by simulating only three patients.
Still, we believe this study serves as a relevant proof-of-concept.

In our model we neglected the effect of pain-associated responses as well as
the effects of analgesia (e.g., morphine and fentanyl), administered for pain man-
agement. Since the experience of pain is highly subjective and patient-specific,
including these effects is outside the scope of our research. Some discrepancies
between measured and modeled heart rate can be attributed to this, since pain
is a large surgical influences on heart rate.

One of the major model limitations is that we adopted our fluid exchange
model parameters from our healthy volunteer study. However, it is known that in-
flammation and surgical stress may result in different parameter settings such as
membrane permeability (), reflection coefficient (o) and permeability coefficient-
surface area (PS). These parameters highly influence the fluid and protein ex-
change between vascular and interstitial space, affecting the results and conclu-
sions of this study. More research is necessary to assess the quantitive effects in
possible inflamed patients.

There are some similar studies to ours available in literature, mostly physiol-
ogy based commercial software tools (such as Biogears, Pulse Physiology Engine,
SimMan 3G). These software tools have coupled pharmacokinetic and -dynamic
models to the cardiovascular circulation. However, the main goal of these prod-
ucts is to provide a comprehensive overview of the full body physiology. To the
best of our knowledge, these models are not intended for clinical decision sup-
port. The novelty in our study is that we are comparing our model directly with
clinical data and showing it’s clinical applicability.

445 Future work

There are still many steps to be taken before we can use this work as a clinical
decision support model. Many parameters were introduced by adding pharma-
cokinetic and -dynamic model descriptions for drugs. Fortunately, only anesthe-
sia seems relevant for predicting the fluid status at the end of the surgery. A
structured sensitivity analysis, for submodels of sevoflurane and propofol, could
be performed to confirm these findings and eventually could be used to fix and
prioritize model parameters (Eck et al., 2015). Since, the model contains many
parameters which could be tuned it is still an open question if finding a unique
solution is possible.

Another solution for reducing the uncertainty caused by parameter estima-
tion, may be to use our model in combination with (real-time) measured data
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for blood pressure and heart rate. If a combination between measurements and
model predictions can be made, there is a possibility of significant model simpli-
fication and parameter reduction. Still, with our model results, some preliminary
conclusions can be made.

4.5 Conclusion

In conclusion, we extended our previously published cardiovascular fluid ex-
change model with the effect of drugs and evaluated it on a retrospective dataset
of three perioperative patients. This pilot study showed that to model exact in-
traoperative blood pressure anesthesia, inotropes and vasopressors must all be
included in our model. However, if one is only interested in an average blood
pressure during surgery, necessary for good predictions of fluid distribution at
the end of surgery, vasopressors and inotropes can be omitted. This reduces
the model complexity. The results in this study can form the basis for a more
structured prospective study where our cardiovascular fluid exchange model is
extended with only with only pharmacokinetic and - dynamic models for anes-
thesia.
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Chapter 5

Implementing the fluid exchange
model in the intensive care:

a pilot study

The work in this chapter is based on a collaboration between T. T. Rosalina,
JW. Sels & PH.M. Bovendeerd.



Abstract

Fluid administration in surgical patients is necessary to compensate for bleeding,
evaporation, perspiration and urine production. Determining the correct amount
of fluid to be administered is important, since fluid overloading is associated to
negative patient outcome. Unfortunately, administration of the correct amount
of fluid is difficult, due to the lack of applicability and sensitivity of indirect mea-
surements, while direct measurements are not available. In previous work, we
developed a mathematical model to predict the fluid (re-) distribution in the hu-
man body, and tested it with surgical patient data. In the current study we aim to
test this model for use in intensive care patients, because hypervolemia-related
complications often occur in the intensive care. For this purpose, we obtained a
prospective dataset of four patients after cardiac surgery and performed simula-
tions with our mathematical model to predict changes is plasma, interstitial and
urine volume. The results show that we can simulate the trends of fluid buildup
after fluid administration with our current model. Our simulation results confirm
that the interstitial volume works as a buffer after fluid administration. Finally,
with our generic model we are able to predict global trends in fluid buildup.
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5.1 Introduction

Fluid administration is an important intervention in the intensive care (ICU) unit
to increase cardiac output, and maintain volume balance in patients. To deter-
mine which patient needs fluid administration, fluid responsiveness is an impor-
tant concept in the ICU. After surgery, critical patients are often in need of fluid
administration. However, patient-specific fluid administration is extremely diffi-
cult, since there are no direct or indirect measurements that are specific and sen-
sitive enough to assess fluid responsiveness and distribution. Determining the
correct amount of fluid to be administered is important, since fluid overloading
has been shown to be associated to negative patient outcome. Too much adminis-
tration of fluid has the risk of causing hypervolemia, manifested as fluid build-up
in the interstitial space (Holte et al., 2002). This may lead to complications such
as microvascular compression, decreased renal function, severe edema-related
discomfort and longer recovery time.

To test if a patient will benefit from fluid administration, i.e., whether cardiac
output increases, multiple fluid challenges have been proposed. Unfortunately,
the use of these fluid challenges is not standardised, (Cecconi et al., 2015) and
these fluid challenges only give information on the intravascular volume. How-
ever, administered fluid can move from the vascular to interstitial volume where
it may lead to fluid build-up, which is associated with a higher complication rate
(Holte et al., 2002; Brandstrup, 2006).

In this thesis, we developed a cardiovascular fluid exchange model, based
on physics and physiology. This framework captures hemodynamic variables
(pressures, flows and heart rate), fluid loss (urine production, hemorrhage and
perspiration), exchange of fluid between vascular and interstitial volume (tran-
scapillary exchange and lymph flow), and lung mechanics. The development
and initial testing of this model has been described in the previous chapters. In
Chapter 2, our model was presented and tested on its capabilities to describe
changes in the fluid status of three healthy volunteers undergoing fluid adminis-
tration. In Chapter 3 we extended the model to simulate mechanical ventilation
and calculate dynamic indices for fluid responsiveness. In Chapter 4 a first step
towards patient-specific modeling was made by including models for commonly
used medication (anesthetics, inotropes and vasopressors). There the predictive
capability of the model was tested for three patients in a retrospective surgical
dataset. From the results we concluded that including a model for anesthesia,
which affects long term average blood pressure, is key for accurate fluid distri-
bution predictions. Also, boluses or short term pumps of vasopressors have little
influence on the fluid distribution.

The goal of our current study is to test the predictive capabilities of the model
regarding plasma and interstitial volume in an intensive care setting. We set up
a prospective study for patients after cardiac and vascular surgery, and recorded
hemodynamic variables and fluid infusion and losses. Additionally we obtained
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retrospective surgical data. Firstly, we present the data of four patients and sim-
ulate the subjects with our generic-model of cardiovascular fluid exchange (pre-
sented in Chapter 4). Next, to move towards better patient predictions, we exam-
ine our generic-model assumptions, by performing several model variations are
performed for one representative patient. Firstly, we exclude the urine produc-
tion model by replacing the output of urine model by actually measured out-
put (prescribed-urine model). Secondly, we replace our complete fluid exchange
model by a simple model, based on the hypothesis that blood volume is always
regulated in the longterm and can therefore be taken as constant (constant-blood-
volume model). Thirdly, we increased and decreased membrane permeability (k)
ten-fold. Based on these results, we aim to provide insight into what further steps
may be needed to translate our pilot model to a clinical decision support model.

5.2 Methods

5.2.1 Generic model

Our cardiovascular fluid exchange model is extensively described in Rosalina et
al. (2019). The cardiovascular model represents the systemic circulation and in-
cludes a cycle-averaged model for the cardiac left ventricle. The pressure is de-
termined by a linear relationship based on the maximal and passive elastances
of the left ventricle (Emax and Epgs). The mean arterial (pa) and venous pressure
(bven) are determined by compliances (C), unstressed volumes (V;) and total blood
volume (Vj;). Mean capillary pressure (pcgp) is calculated with cardiac output and
peripheral resistance (Rp).

Capillary pressure is an important link between the cardiovascular hemody-
namic state and whole body fluid distribution since it is one of the driving forces
for fluid exchange between the vessels and the interstitium. The fluid exchange
model describes the intake of fluid, through intravenous infusion (J;,y) and basal
intake (Jintake), the loss of fluid, through bleeding, (Jpeeq), insensible losses (/ins),
and urine production (/y), and fluid exchange through transcapillary exchange(
Jy,7c), and lymph fluid flow (Jy,;). The balance between hydrostatic (p.qp and py)
and osmotic pressure (m¢qp and ) is the driving force for transcapillary fluid ex-
change, moving volume from the vascular (Vp;) to interstitial compartment (V)).
Urine production (Jy) is assumed to be linearly dependent on plasma volume with
a normal urine production rate (Jy ) (Rosalina et al., 2019). Insensible losses are
assumed to be constant.

In surgical patients, arterial pressure is also affected by medication. In this
chapter, we only modeled propofol (anesthesia) and noradrenaline (vasopression)
administration, based on the findings in Chapter 4. Bolus administrations of va-
sopressors and analgesia are not included, because they have a limited effect on
fluid distribution. For the distribution of propofol, we use a three-compartment
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pharmacokinetic model with an effect-site compartment as described by Marsh
et al. (1991). For the action of propofol, we use a pharmacodynamics model
with a sigmoidal relationship (4.9) between cardiovascular effect and effect-site
concentration C, (Derendorf et al., 1999). For the noradrenaline we use a one-
compartment pharmacokinetic model without effect-site. The pharmacodynamic
effect is described by a linear model (4.10).

5.2.2 C(Clinical data

A prospective dataset was obtained from seven patients that underwent open-
heart surgery at Maastricht University Medical Center. Exclusion criteria were ad-
vanced chronic kidney disease (CKD 4) or patients that need dialysis, and known
inflammatory diseases. The study was approved by the local Medical Research
Ethics Committees United (study ID: non-WMO METC 2018-0414). The study was
classified as non-WMQO, since readily available measurements are collected. In-
formed consent was deemed necessary, and obtained for all included patients.
All data were analyzed anonymously.

Firstly, patient characteristics such as age, height, and weight were obtained
from the electronic patient information system (PDMS, Patient Data Management
Systeem, Chipsoft ®, Amsterdam, The Netherlands). Secondly, retrospective peri-
odical measurements were obtained during surgery, such as hematocrit, infusion
boluses, blood loss, and urine loss. Thirdly, in the ICU we collected data for four
hours post surgery in ten-minute intervals. These data included blood pressure,
heart frequency, infusion (fluid and drugs) pump settings, blood, and urine loss,
and respiratory settings from the intensive care electronic archive (ICCA, Intel-
liSpace Critical Care and Anesthesia everywhere, Philips, The Netherlands).

In this pilot study, four representative patients from the dataset are selected.
Patient 1 received a coronary artery bypass grafting surgery. Patient 2, 3 & 4
received a mini mitral valve repair.

5.2.3 Parameter estimation

Cardiovascular parameters

The parameter settings for the cardiovascular system were tuned to match initial
conditions of arterial blood pressure for each patient, obtained from the preoper-
ative patient data. Heart rate was taken to be constant during and after surgery,
since cardiovascular regulation (baroregulation and the Bainbridge reflex) is as-
sumed to be inactive. Total blood volume (V},;) for each patient was determined
by an empirical equation as posed by Drobin et al. (1999):

Voe=a1-w+ay -h> + a3 (5.1)
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where w is the weight in [kg], A is the height in [m], and empirical parameters (a4
=32.19, a; = 366.9, az = 604.1). Hematocrit was assumed to be 36 %. The total
Vi is divided over the arteries (17.5 %), microcirculation (5 %) and veins (77.5 %).
The total venous unstressed volume is 70% of V}, (Feihl et al., 2009) and divided
over the vessels accordingly.

Fluid distribution parameters

Interstitial volume (V)) for each patient was determined by scaling parameters
from Xie et al. (1995) to the patient weight. Protein initial conditions are taken
from Rosalina et al. (2019). Settings for many parameters in the fluid exchange
model are taken from Rosalina et al. (2019), tuned to healthy volunteer data. Set-
tings for normal lymph flow (J_ n) and protein permeability-surface area product
of the capillary (PS) were computed, to satisfy steady state conditions (as ex-
plained in (2.32). Since urine production is reduced during surgery and intensive
care period, Jyy was adapted to 0.5 ml/kg/h as described by Gupta et al. (2016).
Insensible losses (Jins) are taken to be constant at 46 ml/h from Brandstrup (2006).
Infusion rate (/i) is determined from the surgery and intensive care data. Each
new iv-fluid bag is registered, and Jis is determined by assuming that fluid is
infused linearly in time until the next bag is attached.

Pharmacokinetic and -dynamic parameters

In this model, only continuous propofol and noradrenaline pumps are included.
Firstly, weight dependent pharmacokinetic rate constants for propofol were taken
from Marsh et al. (1991). Kazama et al. (1999), describe the total effect of propo-
fol on blood pressure, characterised by Csg, kmax and vy (4.9). Pharmacodynamic
parameters are taken from this study and k;q is taken equal to estimations in
Chapter 4. During surgery, there is no information on the pump speed of propo-
fol, thus we assume a fixed infusion rate of 20 ml/h with a concentration of 10
mg/ml. During intensive care the measured pump speed is adopted as model
input.

Secondly, for noradrenaline an elimination rate is calculated based on a half
time of 2.5 minutes (Farmacokinetisch Kompas, 2019). The pharmacodynamic pa-
rameters are tuned based on the study by Nygren et al. (2006). Here, the change
in peripheral resistance is measured for one specific concentration, and we as-
sume the pharmacodynamic effect can be described by a linear model (4.10).
During surgery, there is no information on the pump speed of noradrenaline ei-
ther, thus we take a fixed rate equal to that at the admission to intensive care
with a concentration of 0.1 mg/mL.
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5.2.4 Simulations performed

The model was implemented in MATLAB 2014b. Differential equations are solved
by an Euler forward integration scheme with a time step of 0.1 s. First, we sim-
ulated each patient scenario with our generic model as described in the previous
sections. Model results on blood pressure, heart rate and urine production are
shown and compared in the results section. Additionally, blood volume and in-
terstitial volume are predicted.

Next, several model variations are performed for one representative patient
(patient 2). First, we excluded the urine production model by replacing the out-
put of urine model by actually measured output. This variation is investigated
because of our observation in Chapter 2 that the urine production model is too
simple. We analyze the difference in blood and interstitial volume and arterial
blood pressure for the generic-model and prescribed-urine model

Secondly, we replace our complete fluid exchange model by a simple model,
based on the hypothesis that blood volume is always regulated in the longterm
and can therefore be taken as constant. In that case, changes in interstitial vol-
ume (AVI) can be calculated from infused volume (Viy), and fluid loss through
urine, based on the prescribed-urine model to investigate (Vy), insensible losses
(Vins) and bleeding (Vbleed)‘

AV/ = Vinf— VU - Vins - Vbleed (52)

The interstitial volume as predicted by this constant-blood-volume model, is com-
pared to the previously predicted volumes.

Lastly, one of the major problems in fluid overloaded patients is the occur-
rence of sepsis. In the model we interpret this as an increase in membrane per-
meability (kp). In the model, this value is increased and decreased ten-fold and
the effect on interstitial and blood volume is investigated. For simplicity, here
only the prescribed-urine model is used.

5.3 Results

5.3.1 Generic model simulations

Patient 1

Measured data

Measured data during surgery and intensive care for patient 1 are shown in Fig-
ure 5.1 in black. During surgery, from 0 to 390 minutes, propofol (10 mg/ml)
administration (Figure 5.1A) is 20 ml/h. During intensive care period, propofol
administration is reduced to 6.8 ml/h at 420 minutes, to 3.8 ml/h at 600 minutes
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and to 0 ml/h at 650 minutes. Noradrenaline (Figure 5.1B) is administered at 6
ml/h during surgery and intensive care period (0.1 mg/ml).

During surgery, mean arterial blood pressure data is not available for this
study. In the intensive care, blood pressure (Figure 5.1C, in black) rose from 66
mmHg to 111 mmHg. Heart rate data during is surgery not available either. In
the intensive care (Figure 5.1D, in black) the heart is paced at 80 bpm, until 610
minutes. Thereafter, the heart rate increases to 100 bpm.

Turning to the volume measurements, during surgery 4860 ml of fluid is ad-
ministered and this was increased to 6170 ml at the end of intensive care period
(Figure 5.1E, solid line). During surgery, 1250 ml blood loss is recorded, this rose
to 1300 ml at the end of intensive care period (Figure 5.1E, dashed line). Addi-
tionally 180 ml urine is produced during surgery, which rose to 1050 ml at the
end of intensive care period (Figure 5.1G, in black).

Model results

In the model, during surgery, predicted mean arterial blood pressure (Figure 5.1C
in blue) decreases from 102 mmHg to 55 mmHg. Next, during intensive care
period, the model predicted that blood pressure increases continuously to 110
mmHg. This corresponds to the measured data. Since baroregulation is turned
of, modeled heart rate remains at 80 bpm during the full simulation (Figure 5.1D
in blue).

In the first 100 minutes of surgery, blood volume (Figure 5.1F, in red) increases
from 4600 ml to 5400 ml. In the intensive care period blood volume decreases
slowly to 4550 mL. The infused volume contributes to an increase in interstitial
volume (Figure 5.1F, in blue) from 8120 ml to 9560 ml at the end of surgery.
A further increase to 10220 ml at the end of intensive care period is observed.
Lastly, the predicted urine production (Figure 5.1G, in blue) is 1750 ml at the end
of surgery, and 2660 ml at the end of intensive care period. This is higher than
the measured urine production.

Patient 2

Measured data

Measured data during surgery and intensive care period for patient 2 are shown in
Figure 5.2 in black. During surgery, from 0 to 390 minutes, propofol (10 mg/ml)
administration (Figure 5.1A) is 20 ml/h. During intensive care period, propofol
administration is reduced to 7 ml/h at 420 minutes, to 0 ml/h at 540 minutes.
Noradrenaline (Figure 5.2B) is administered at 8 ml/h during surgery (0.1 mg/ml).
In the intensive care period this is reduced to 6 ml/h at 550 minutes, and to 5
ml/h at 590 minutes.

During surgery, mean arterial blood pressure data is not available for this
study. In the intensive care, blood pressure (Figure 5.2C, in black) is around
60 mmHg. Some temporary increases to approximately 80 mmHg are observed.
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Heart rate data during is surgery not available either. In the intensive care (Figure
5.2D, in black) it decreases for 107 bpm to 85 bpm.

Turning to the volume measurements, during surgery 7260 ml of fluid is ad-
ministered and this was increased to 9070 ml at the end of intensive care period
(Figure 5.2E, solid line). During surgery, 2150 ml blood loss is recorded, this rose
to 2240 ml at the end of intensive care period (Figure 5.2E, dashed line). Addi-
tionally 2050 ml urine is produced during surgery, which rose to 2580 ml at the
end of intensive care period (Figure 5.2G, in black).

Model results

In the model, during surgery, predicted mean arterial blood pressure (Figure 5.2C
in blue) decreases from 67 mmHg to 40 mmHg. Next, during intensive care pe-
riod, the model predicted blood pressure continuously increases to 62 mmHg.
This corresponds to the measured data. Since baroregulation is turned of, mod-
eled heart rate remains at 75 bpm during the full simulation (Figure 5.2D in blue).

Inthe first 120 minutes of surgery, blood volume (Figure 5.2F, in red) increased
from 4600 ml to 5480 ml. Subsequently, blood volume decreases slowly to 4470
ml at the end of the intensive care period. The infused volume contributes to an
increase in interstitial volume (Figure 5.2F, in blue) from 8400 ml to 10000 ml at
the end of surgery. Interstitial volume continues to increase to 12000 ml at the
end of intensive care period. Lastly, the predicted urine production (Figure 5.2G,
in blue) is 2020 ml at the end of surgery, and 3400 ml at the end of intensive care
period. This is higher than the measured data.

Patient 3

Measured data

Measured data during surgery and intensive care period for patient 3 are shown
in Figure 5.3 in black. During surgery, from 0 to 330 minutes, propofol (10 mg/ml)
administration (Figure 5.3A) is 20 ml/h. During intensive care period, propofol ad-
ministration is reduced to 8 ml/h at 360 minutes, to 8.4 ml/h at 420 minutes. No-
radrenaline (Figure 5.3B) is administered at 0.1 ml/h during surgery (0.1 mg/ml).
During intensive care period it is slowly increased to 2 ml/h.

During surgery, mean arterial blood pressure data is not available for this
study. In the intensive care, blood pressure (Figure 5.3C, in black) rose from 39
mmHg to 76 mmHg, with some high outliers to 113 mmHg. Heart rate data during
is surgery not available either. In the intensive care (Figure 5.3D, in black) it is
80 bpm, until 450 minutes, whereafter it slowly increases to 90 bpm.

Turning to the volume measurements, during surgery 7400 ml of fluid is ad-
ministered and this was increased to 9750 ml at the end of intensive care period
(Figure 5.3E, solid line). During surgery, 2650 ml blood loss is recorded, this rose
to 3060 ml at the end of intensive care period (Figure 5.1E, dashed line).
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Additionally 1160 ml urine is produced during surgery, which rose to 2200 ml at
the end of intensive care period (Figure 5.3G, in black).

Model results

In the model, during surgery, predicted mean arterial blood pressure (Figure 5.3C
in blue) decreases from 72 mmHg to 52 mmHg. Next, during intensive care pe-
riod, the model predicted blood pressure slowly increases to 63 mmHg. This
corresponds to the measured data. Since baroregulation is turned of, modeled
heart rate remains at 75 bpm during the full simulation (Figure 5.1D in blue).

In the first 143 minutes of surgery, blood volume (Figure 5.3F, in red) increased
from 5600 ml to 6700 mLl. In the intensive care period blood volume decreases
slowly to 5540 ml. The infused volume contributes to an increase in interstitial
volume (Figure 5.3F, in blue) from 10770 ml to 13000 ml at the end of surgery.
Interstitial volume continues to increase to 14400 ml at the end of intensive care
period. Lastly, the predicted urine production (Figure 5.3G, in blue) is 1700 ml at
the end of surgery, and 3240 ml at the end of intensive care period. This is higher
than the measured urine production.

Patient 4

Measured data

Measured data during surgery and intensive care period for patient 4 are shown in
Figure 5.4 in black. During surgery, from O to 240 minutes, propofol (10 mg/mLl)
administration (Figure 5.4A) is 20 ml/h. During intensive care period, propofol
administration is reduced to 12 ml/h at 270 minutes, to 10 ml/h at 300 minutes
and to 0 ml/h at 390 minutes. Noradrenaline (Figure 5.4B) is administered at 3.1
ml/h during surgery (0.1 mg/ml). During intensive care period, the administration
rate is increased to 4.1 ml/h from 300 to 430 minutes, and decreased to 0 ml/h
afterwards.

During surgery, mean arterial blood pressure data is not available for this
study. In the intensive care, blood pressure (Figure 5.4C, in black) rose from 73
mmHg to 91 mmHg. Heart rate data during is surgery not available either. In the
intensive care (Figure 5.4D, in black) there is a slow increase in heart rate from
59 bpm to 66 bpm.

Turning to the volume measurements, during surgery 6600 ml of fluid is ad-
ministered and this was increased to 8180 ml at the end of intensive care period
(Figure 5.1E, solid line). During surgery, 1450 ml blood loss is recorded, this rose
to 1800 ml at the end of intensive care period (Figure 5.4E, dashed line). Addi-
tionally 200 ml urine is produced during surgery, which rose to 520 ml at the end
of intensive care period (Figure 5.4G, in black).

Model results
In the model, during surgery, predicted mean arterial blood pressure (Figure 5.4C
in blue) varies around 75 mmHg. Next, during intensive care period, the model
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predicted blood pressure slightly increases to 81 mmHg. This corresponds to the
measured data. Since baroregulation is turned of, modeled heart rate remains at
75 bpm during the full simulation (Figure 5.4D in blue).

In the first 180 minutes of surgery, blood volume (Figure 5.4F, in red) increased
from 5600 ml to 6600 ml. In the intensive care period blood volume decreases
slowly to 5800 mL. The infused volume contributes to an increase in interstitial
volume (Figure 5.4F, in blue) from 10800 ml to 14000 ml at the end of surgery.
Interstitial volume continues to increase to 15000 ml at the end of intensive care
period. Lastly, the predicted urine production (Figure 5.4G, in blue) is 1170 ml at
the end of surgery, and 2740 ml at the end of intensive care period. This is higher
than the measured urine production.

5.3.2 Model variations

Figure 5.5 shows how variations in our model assumptions affect results for a
representative patient (patient 2). In solid lines, the results of the generic-model
are shown. Simulations with the prescribed-urine model are shown in dotted lines.
In this case, the urine output of our generic urine production model is replaced
by the actual measured urine output. Urine output is 1050 ml lower than in the
generic model. Of this volume, only 150 ml is stored in the blood compartment,
which results in a slightly increased arterial pressure (about +9 mmHg). The
remaining 900 ml are stored in the interstitium.

The simulation results of the constant-blood-volume model are shown in gray.
Here we simply compute interstitial volume on the basis of the mass balance for
the fluid entering and leaving the patient, assuming vascular volume to be con-
stant. At the end of the simulation, the predicted interstitial volume is converged
to the same volume as that in the prescribed-urine model.

Next, Figure 5.6 shows our investigation on the effect of a varying membrane
permeability (ks). In solid lines, the reference value for k; is used, representing
the prescribed-urine model simulation. When decreasing the membrane perme-
ability ten-fold, the arterial pressure, blood and interstitial volume are affected
(in dotted red and blue). Blood volume is increased throughout the simulation
and remains elevated by about 1500 ml at the end of the simulation. Correspond-
ingly, this leads to a lower interstitial volume. Arterial pressure is closely related
to the vascular volume, it increases and ends at a higher value (about +55 mmHg)
at the end of the simulation.

Increasing the membrane permeability has a much smaller effect, decreasing
pressure (about -14 mmHg) and blood volume slightly (about -100 ml), and cor-
respondingly increasing interstitial volume. The trends within these upper and
lower boundaries of ks remain the same. Namely, at the end of surgery blood vol-
ume is decreasing towards the reference level, and change in interstitial volume
can vary up to 30% at the end of simulations.
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5.4 Discussion

Adequate fluid administration in critical patients has been shown to be extremely
difficult. A lack of specific and sensitive measurements for fluid distribution, no
consensus on fluid protocols and large inter-patient variability are some of the
pitfalls. Additionally, complications related to fluid buildup in the interstitial
space occur on the time scale of hours, making direct evaluation of fluid ad-
ministration impossible. Mathematical modeling can help in predicting the fluid
shifts, based on physiology and physics. To test these long term predictions, we
performed a pilot study in the intensive care.

The results of this study show that with our generic model we were able to
simulate four patients during and after surgery. Predicted arterial blood pressure
corresponded closely to the blood pressure measured in the ICU. Urine production
was overestimated in all patients. Still, pilot results show that we can simulate
the trends of fluid buildup after fluid administration with our current model. The
model is shown to be sensitive to urine production and membrane permeabil-
ity, interestingly, no matter the parameter settings, all extra fluid buildup occurs
in the interstitial space. Our simulations with the constant-blood-volume model
confirm that indeed on the long term, blood volume is well regulated and the
interstitial space acts as a buffer for extra fluid.

5.4.1 General considerations

Mathematical model

Our model consists of a coupled cardiovascular fluid exchange model, coupled to
drugs through a pharmacokinetic and -dynamics model. We used a 0-d lumped
parameter model with cycle-averaged elastance model for the left ventricle, rep-
resenting the heart. Notably, our patient population consists of cardiothoracic
surgical patients. In this patient group, often large volumes are administered,
making this an interesting group for our pilot study. Also, much perioperative
data is available for these patients. However, their cardiac function is compro-
mised before surgery and in all patients the heart was arrested using cardioplegia,
during which the heart-lung machine was used for cardiopulmonary bypass. We
did not include this bypass in our model. The cardiac function may still be recov-
ering after cardioplegia, which may result in lower cardiac output as opposed to
our assumption of a healthy heart

Additionally, the effect of baro- and bainbridge regulation is neglected in this
study. For simplicity, we assume that regulatory functions are fully suppressed
due to the administration of propofol. Since we did not include pain or stress
either, heart rate remains constant throughout the simulations. This does explain
the discrepancy between model results and clinically measured heart rate.
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The assumption is allowed since previous work has shown that heart rate has a
small effect on arterial blood pressure.

The fluid exchange model is extensively discussed in our earlier work (Ros-
alina et al., 2019). We adopted the model with the parameter settings matched
to data from our healthy volunteer study. It has been shown in literature, that
surgical trauma and inflammation affect the glycocalix barrier. In some cases,
the glycocalix in the microcirculation may be completely destroyed, leading to
increased membrane permeability (Henrich et al., 2010; Chappell et al., 2014).
In our model, this effect was investigated qualitatively by inducing a variation
of membrane permeability. Another option is to use the adapted Starling equa-
tion (Adamson et al., 2004), where local fluid exchange in the capillaries can be
described better. This allows for local changes adaptation of the membrane per-
meability. For the purpose of this study we only looked at the global behavior of
fluid exchange, this the orginal Starling equation is sufficient.

Experimental data

We tested our model on a semi-prospective dataset of four intra- and postop-
erative patients. These data contain preoperative patient characteristics, retro-
spective discrete data points during surgery, on infused volume, hemorrhage and
urine production, and prospective intensive care data. The latter is collected for
four hours post surgery in ten-minute intervals. Since the exact rate of infusion
or bleeding is unknown, we assume that fluid infusion is continuous from one to
the next discrete datapoint.

During surgery, arterial blood pressure, heart rate or medication data were not
available for this study. We modeled the propofol and noradrenaline administra-
tion at a fixed rate. Since temporary changes in blood pressure are not important
for this study, this choice is justified.

To test our model results, we only have urine production, blood loss and in-
fused volumes available, next to standard hemodynamic monitoring. These data
are deemed enough for the purpose of this pilot study, namely predicting the
plasma and interstitial volume trends. Although these changes in volume can-
not be quantitatively compared to experimental data, they can provide useful
insights into clinically expected trends.
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5.4.2 Results

Averaged over the four patients, about 8300 ml was infused during surgery and
the 4 hour stay in the ICU. About 45% of the fluid infused had left the body
through bleeding or urine production. Of the remaining 55%, less than 1% is
expected to have left the body through insensible losses. According to all model
versions evaluated, the remaining fluid is almost completely stored in the inter-
stitium after 4 hours post surgery. This demonstrates the role of the interstitium
as a fluid buffer, enabling intravascular volume to remain fairly constant. This
was confirmed by our simulations with the constant-blood-volume model. Addi-
tional simulations showed that this buffer function is affected when endothelial
permeability is increased.

The total urine production at the end of simulations is about 1000 ml higher
than measured urine for each patient. In the model, urine production depends on
plasma volume only. As plasma volume is fairly constant, urine production rate in
our model is fairly constant as well. In reality, urine production can vary widely,
but it is probably depressed, since arterial blood pressure and renal perfusion are
low in the patients (Gupta et al., 2016). This means that more volume remains
in the body. To test the influence of a depressed urine production, we bypassed
the urine production model by prescribing actually measured urine production
in our prescribed-urine model. This increased the amount of fluid that remains
in the patients body. This extra fluid was found to be stored in the interstitium,
illustrating once again how intravascular volume remains constant.

Since plasma volume is so well controlled, we performed simulations with
our constant-blood-volume model to test if interstitial volume can be calculated
as the net balance of fluid administration, bleeding, urine production and per-
spiration, assuming that plasma volume remains constant. From the results we
can conclude that on the long term, this is the case. For real-time predictions
however, the full mathematical model provides more accurate results.

The buffer function of the interstitium relies on transport across the endothe-
Llium. Amongst others, this transport depends on membrane permeability. In our
model we used a value of 0.15 ml/mmHg - s, which is within the range reported
in literature (0.008 - 0.34 ml/mmHg - s; Chapple et al., 1993). A ten-fold in-
crease to 1.5 ml/mmHg - s, which is outside the reported range, did not affect
the fluid distribution. However, a ten-fold reduction of the permeability to 0.015
ml/mmHg - s, which is still within the reported range, did affect the buffer func-
tion. In this case the surplus of fluid in the patients body was distributed over
the vascular and interstitial compartment in a ratio 1:3. Clinically, this simulation
may represent the effect of sepsis or other inflammatory diseases.
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The simulations (Figure 5.6) indicate that our original estimation of mem-
brane permeability (k;) may have been too high, since no extra fluid buildup oc-
curs in the high permeability simulation. The overestimation of urine production
in the generic model seems to contradict this. At first glance, this overestimation
may raise the question if the permeability is too low, leading to the fluid being
retained in the plasma volume and excreted as urine. However, we believe that
the high urine production is due to our too simple urine model. This is supported
by the fact that in the prescribed-urine model the surplus of fluid moves toward
the interstitium and does not remain in the plasma volume.

The purpose of the current chapter was to perform a pilot study, that gives an
indication of possibilities for implementation of the current model in the inten-
sive care setting. Our pilot results highlight the buffer function of the interstitial
space, and the dependence of this function on membrane permeability.

5.4.3 Future work

To move towards a clinically applicable model, some improvements can be made
and more clinical testing must be performed. First, to improve the model, the
urine production model must be improved. Our results show that the current
urine production model overestimates urine production all patients by approx-
imately 1000 mL. Now, the urine production model is solely dependent on a
change in vascular volume. However, we know that during anesthesia urine pro-
duction is lower, partly due to a low blood pressure. Additionally, hormonal reg-
ulation pathways and medication affect the urine production. More research is
necessary to model these effects.

Second, to determine quantitative interstitial volume changes, more investi-
gation into estimations of membrane permeability (k) must be performed. Re-
search on the glycocalix is widely performed, and may give measurement tech-
nigues that can determine k. Alternatively, data assimilation techniques give
the possibility for inverse parameter estimation. Combining current observations
with model outputs can lead to better parameter estimation, leading to better
model outputs (Asch et al., 2016).

The currently studied patient population was subjected to high-impact car-
diothoracic surgery, complicating the fluid balance. The benefit of this group is
that there is high fluid administration and extensive data registration. To test the
model in a more controlled setting, a more homogenous and larger patient group
may be used. Here, it is key to obtain a good initial condition for the patients,
which increases the reliability of the model results. It is especially important to
obtain intra- and postoperative data of hemodynamic variables and fluid adm-
ministration and loss (through bleeding, urine production and insensible losses).
Ideally, we would also obtain measurements indicating the intra- and extravas-
cular volume distribution.
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This could be done with e.g., hemodilution measurements to determine plasma
volume. Body weight or even impedance measurements could be used to get an
indication of interstitial fluid change.

Finally, functional clinical outcome may be recorded and compared to the
interstitial volume predictions. This can give a qualitative indication on the pre-
dictive model capabilities for edema-related complications.

5.5 Conclusion

In conclusion, we tested our previously developed mathematical model for fluid
distribution in postoperative patients in the Intensive Care Unit. This is impor-
tant, since most hypervolemia related complications occur in postoperative care.
Our simulation results suggest that vascular volume is controlled well, and that
the interstitial volume works as a buffer, acting as a temporary storage for the
surplus of fluid administered to the patient. Interestingly, on the long term at the
end of ICU, this increase can be determined directly, as the net balance of fluid
administration, bleeding, urine production and perspiration.
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Chapter 6
General discussion



6.1 Finding the balance

Fluid administration is one of the most common interventions in medical care.
The rationale behind fluid administration is to compensate for fluid loss, caused
by bleeding, urine production and evaporation. This compensation is aimed at
maintaining good tissue perfusion, and thereby oxygen delivery. Literature shows
that too little or too much fluid administration can lead to severe consequences.
On the one hand, too little fluid may cause hypoxia, due to low oxygen transport,
which in extreme cases can eventually even lead to organ failure (Latta, 1832).
On the other hand, too much fluid has the risk of causing hypervolemia, associ-
ated with complications related to fluid buildup in the interstitial space. This may
lead to edema, for example, causing microvascular compression and possibly hy-
poxia. These two extremes show that is important to find a fluid administration
protocol that balances the risks of both hypo- and hypervolemia (Holte et al.,
2002; Schrier, 2010; Vincent et al., 2006).

Due to complex underlying physiology, a critically ill patient population with
inter patient differences, and the fact that the effects of (inadequate) fluid ad-
ministration develop on a time scale of hours, finding this balance is not straight
forward. Currently, there are no specific and sensitive direct measurements avail-
able to determine fluid responsiveness and distribution. Indirect measurements
to determine if a patient may benefit of fluid administration, are available, but
there is not consensus on their usability. Studies show that 50% of the patients
that received fluids actually did not respond to a fluid challenge, indicating the
need for better tools to asses the fluid status of the patient and decide on whether
fluid administration is needed (Cecconi et al., 2015).

6.2 Main achievements

In this thesis we took the first steps towards a clinical decision support tool for
fluid administration by developing models for fluid responsiveness and (re-) dis-
tribution. The ultimate goal would be to use the models to guide fluid adminis-
tration and thereby reduce hypervolemia related complications in perioperative
care. In Chapters 2 and 3 of this thesis we developed our mathematical model. In
Chapters 4 and 5 we focused more on the clinical perspective, by implementing
and testing the model with two clinical datasets.

In Chapter 2, we extended an existing fluid exchange model (Xie et al., 1995;
Gyenge et al., 2003), with a regulated model of cycle-averaged cardiovascular
function (Jongen et al., 2016). This combination allowed us to relate model out-
puts on fluid distribution in the body to measurable indices such as heart rate and
arterial blood pressure, on the basis of underlying physics and physiology. The
model was used to study the effects of fluid infusion and blood loss in healthy vol-
unteers. We were able to tune specific parameters, membrane permeability (k),
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normal lymph flow (J; y) and protein permeability-surface area product of the
capillaries (PS), to correctly predict the change in plasma and interstitial volume
in one experiment (Watenpaugh et al., 1992). Subsequently, we reproduced re-
sults from another experiment (Drobin et al., 1999), without additional tuning.
Thus, with this model we are able to predict cardiovascular and fluid distribution
changes, following fluid administration in healthy volunteers.

In Chapter 3, we aimed at predicting dynamic indices that are used for in-
direct estimation of fluid responsiveness in the clinic, pulse pressure variation
(ppv) and stroke volume variation (svv). We converted the model of cardiovascu-
lar hemodynamics from a cycle-averaged one into a dynamic one, and extended
it with models of the pulmonary circulation and lung mechanics, to simulate the
effect of spontaneous breathing and mechanical ventilation on hemodynamic
function. Firstly, we showed that we could obtain realistic changes in pleural
pressure and alveolar volume in healthy volunteers and anesthetized patients
during spontaneous breathing and mechanical ventilation (Innes et al., 1993).
Secondly, we predicted realistic changes in ppv, svv, and change in cardiac index
for mechanically ventilated, anesthetized patients after a fluid challenge (Belloni
et al., 2008). Thirdly, the results showed that ppv and svv depend on intravascular
volume, pericardial and vascular properties, in decreasing order. The developed
mathematical model can be used for more advanced interpretation of ppv and
swv, potentially broadening the patient group that can benefit from assessment
of these indices.

In Chapter 4 we evaluated our model in the perioperative setting. Here, drugs
administered to the patient affect the fluid status directly, due to a change in
blood pressure, and indirectly, since blood pressure is used to guide the infu-
sion protocol. To investigate these effects, we extended our model with the
pharmacokinetic and -dynamic models for propofol, sevoflurane, phenylephrine,
ephedrine and noradrenaline. In a pilot study, we compared model predictions on
blood pressure and heart rate with retrospective measured data for three surgical
patients. Additionally, we analyzed the predicted changes in plasma, interstitial
and urine volume for different model settings, accounting for all drugs, only anes-
thesia or no drugs at all. From the pilot results we concluded that to model exact
intraoperative blood pressure, all anesthetics, inotropes and vasopressors must
be included in the model. However, to predict an average blood pressure during
surgery and fluid distribution at the end of surgery, vasopressors and inotropes
can be omitted.

In Chapter 5 the goal was to test the predictive capabilities of the model in
an intensive care setting. We set up a prospective pilot study, recording hemody-
namic variables and fluid infusion and losses, for ICU patients after major cardio-
vascular surgery. We tested the predictive capabilities of the model for interstitial
volume, and investigated the effects of the urine production and membrane per-
meability on the interstitial volume model predictions. Based on our findings in
Chapter 4, we neglected the effect of bolusses inotropes and vasopressors.
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These results showed that we could simulate the trends of fluid buildup after fluid
administration with our current model. Our simulation results confirmed that the
interstitial volume works as a buffer, taking up most of the excess administered
fluid and thus allowing vascular volume to remain fairly constant. Interestingly,
on the long term, this increase could be determined directly, as the net balance of
fluid administration, bleeding, urine production and perspiration, while assuming
a constant vascular volume.

Overall, the novelty of this work lies in the development of a modeling frame-
work that can be used to make predictions on fluid distribution, responsiveness
and urine output, and allows for computation of clinical readily available mea-
surements. The two pilot studies showed that there is potential for this model to
contribute to improvement of clinical guidelines for fluid administration in criti-
cally ill patients.

6.3 Mathematical modeling perspectives

It is important to note that the findings in this thesis are mostly based on one set
of parameters. While we occasionally assessed the sensitivity of model output to
the settings of the model input parameters, a more structured sensitivity analysis
should be preformed. This can be used to determine which model parameters
are most rewarding to determine more accurately (parameter prioritization) and
which models can be fixed based on population averages (parameter fixing).

In the master project by De Schipper (2018), a first sensitivity analysis was
performed on the fluid exchange submodel of Chapter 2. Here, the elementary
effects and variance based sensitivity analysis methods (Saltelli et al., 2004) are
applied on the fluid exchange model with 16 input parameters. The results show
that there are six parameters responsible for about 90 % of the variance in inter-
stitial volume. These parameters include normal plasma and interstitial volume,
normal fluid intake, the capillary pressure coefficient, the protein reflection co-
efficient and the fluid membrane permeability. These preliminary results give
an indication that if these parameters can be estimated correctly, this reduces a
large part of the uncertainty on the model output. All other parameters may be
fixed, depending on the specific goal of the model. To investigate this further
the sensitivity analysis must be repeated for the full model including the cardio-
vascular system in Chapter 2. Similarly, structured sensitivity analyses should be
performed on the models presented in Chapter 3 and Chapter 4. This can be used
to test the preliminary results on parameter variations as presented in this thesis.

The mathematical model presented in this thesis can be extended in a number
of ways. In Chapter 2 & 5 it became clear that the urine production model is over-
simplified. This can be seen in discrepancies between measured and predicted
urine volumes. Our urine production model is now solely dependent on a change
in vascular volume. However, we know that during anesthesia urine production is
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lower, due to a low perfusion and blood pressure and a hormonal response. One
of the important mechanisms is the renin angiotensin aldosterone system (RAAS).
Literature review shows that there are many mathematical models available to
describe the renal system. Many of these studies (Guyton et al., 1972; Ikeda et al.,
1979; Keener et al., 1998) describe this system in detail. These complex models
are necessary to study physiology, but have too many parameters to be used in a
patient-specific model. A simpler model, with less parameters was presented by
Averina et al. (2012). However, more research on the implementation should be
performed.

Another possible next step in this work, is to include oxygen transport. This
would allow investigation of the ultimate goal of fluid administration, to maintain
oxygen supply to the tissues. Oxygen uptake and distribution models, such as
presented in Jongen et al. (2016), can be added to our fluid exchange model. The
resulting model could be used to investigate the effect of hemodilution on oxygen
carrying capacity. It might als be used to study the effect of edema buildup on
for example, pulmonary oxygen uptake, and increase of capillary resistance.

As mentioned in Chapter 1, besides water, the administered fluid contains a
high amount of sodium chloride. These and other ions are distributed to the in-
terstitial and intracellular compartments, and excreted through urine and insen-
sible losses. The original work by Gyenge et al., (1999a, 1999b, 2003) included
an ion mass balance and intracellular compartments consisting of red blood cells
and tissue cells, where the transport rate depends on the transmembrane poten-
tial. Calculating this potential is computationally expensive, which may hamper
clinical application of the model. However, when the interest of further studies
are related to hyperosmotic solutions, the intracellular compartments should be
included.

The translation of our model into the clinical workflow is a challenge. One
of the major difficulties is the patient-specific parameter estimation. Since it
is not possible to measure all model parameters, there is an uncertainty in the
model output due to the uncertainty in the input. Therefore, it is important to
find a balance between model complexity and uncertainty (Huberts et al., 2014).
To assess the possibility for model reduction, and thereby reduce the amount of
unknown parameters, we need to perform a full sensitivity analysis (Saltelli et al.,
2004). Also, it is important to match the model complexity to the goal of each
application.
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6.4 Clinical perspectives

There are multiple roads forward with this work. Firstly we can use the model
as an academic and research tool, secondly, as a training tool and thirdly as a
clinical decision support tool. In this section, our view on the perspectives for
these applications are laid out.

6.4.1 Research tool

One of the benefits of in sillico research is that well defined virtual patients can
be created. This allows for specific testing of hypotheses without being compro-
mized by inter-patient variability. Additionally, specific model parameter settings
can be varied and their effects can be tested separately. Examples of generating
and testing hypotheses have already been shown in this thesis.

For example, in Chapter 3 we investigated the effects of vascular volume and
cardiac and vascular properties on ppv and svv. By varying parameter settings,
we found that the pericardial stiffness has a great impact on stroke volume vari-
ation. This finding indicates that clinical guidelines may need to be adapted for
patients after cardiac surgery, with an open pericardium. Follow up research can
be used to investigate the existing guidelines. E.g., one of the guidelines spec-
ifies ventilation with a tidal volume of > 8 ml/kg. With the model, the effect of
lower ventilation can be quantified and possible new insights can be obtained.
This may lead to a broader use of ppv and svv in critical patients.

Another example of parameter variation was presented in Chapter 4. Here, we
compared blood pressure results obtained from generic model parameters to that
obtained with patient-specific model parameters. This provides us with qualitative
insight on the effects of anesthetics and vasopressors. On the one hand, the
temporary effects of vasopressor boluses are shown to have little effect on the
final fluid balance. On the other hand, administered fluid has a much larger and
prolonged effect on the final fluid buildup. This, technically derived, insight may
be of clinical use. It indicates that sometimes administering vasopressors is less
harmful than administering fluids, concerning the risk of edema formation.

In Chapter 5 the effect of membrane permeability variation was shown. Since
it cannot be measured, this parameter is currently estimated. The critical patient
group may be septic, so there can be a large variation in membrane permeability.
Our mathematical model results show the effects of a change from our normal
membrane permeability. A ten-fold increase of the permeability did not affect the
fluid distribution. However, a ten-fold reduction of the permeability did affect
the buffer function, leading to the surplus of fluid in the patients body to be
distributed over the vascular and interstitial compartment in a ratio 1:3. Model
output uncertainty can be reduced if membrane permeability can be estimated
precisely, however with a rough estimation general trends can still be predicted.
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In Chapter 5, we also presented a model variation. In the constant-blood-
volume model we assumed that on the long run, plasma volume is well controlled.
Our simulation results confirm that, on the long run, the rule of thumb that fluid
build up in the interstitial volume equals the net balance of fluid administration
and loss, is reasonable. For real time predictions however, a more complex pic-
ture is painted, which is why a mathematical model is useful.

6.4.2 Training tool

Another application, moving more towards clinical use, is the development of
training tools. Skills and confidence are increased by repetition, obtained by
simulated conditions, or in real-life (Morgan et al., 2002). The benefit of using
simulation tools in health care is that they are a way of learning without putting
patients at risk or any inconvenience (Alinier, 2007). We propose two possible
ways forward. Firstly, the current model can be used for virtual training in fluid
administration protocols and to increase awareness on the risks of hypervolemia.
This approach has been presented previously in neonatal intensive care (Meurs
et al.,, 2018) and general cardiac care (Lumens 2014, CircAdapt). Nowadays, the
CircAdapt tool is part of the curriculum for medical students at Maastricht UMC+.

Secondly, this model may be integrated into physical hands-on training tools.
E.g., in patients on extracorporeal life support (ECLS), large volumes are often
administered. Currently, there is ongoing work in our department (Peeters, 2019;
Nievergeld, 2019) on the development of a physiologically correct patient model
for ECLS evaluation and training, with a physical system for hands-on training,
complemented by mathematical models (Figure 6.1). Our model (Rosalina et al.,
2019) has been included to calculate volume shifts in these patients. The addi-
tion of such a model provides real-time and physiologically correct feedback as
a response to clinical interventions.

6.4.3 Clinical-decision support tool

Ultimately, our model could be used as a clinical decision-support tool. In Chapter
1 a few successful examples are discussed, but there are still quite some steps to
be made before the current work is at that stage.

A first step could be to use a disease-specific model (e.g., characterised by
renal insufficiency or heart failure), for risk analysis and for testing of treatment
protocols. When a critical patient with many comorbidities is admitted for surgery
with large expected fluid administration, the model could be used to evaluate in-
traoperative scenarios for this class of patients beforehand. Preoperative patient
data could be used to initialize the model, and simulations could be performed
with the generic model settings for a specific disease. E.g., a lower normal urine
output (Jy,y) parameter can be used in patients with renal complications.
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Figure 6.1: Picture of the extracorporeal life support system, developed by Rutten et al. (Peeters,
2019; Nievergeld, 2019).

The results give an indication of trends that can be expected in a generic patient
with a specific disease. These model outputs can give extra information that may
be used to determine the treatment protocol. E.g., for patients with renal insuf-
ficiency, extra vasopressor administration may be preferred over large quantities
of fluid administration. For patients with cardiac comorbidities, the opposite may
be true. These analyses can be performed with a disease-specific model and used
as extra input into the mental model of the responsible anesthesiologist.

In the future, complete patient-specific models may be used for real-time pre-
diction of the fluid distribution and responsiveness. In that case, the goal is to
make a generic model patient specific through patient-specific parameter settings.
Patient-specific parameter estimation is quite complex because important model
parameters, such as membrane permeability, cannot be measured. A possibility
is to combine the current model with measured clinical data, data assimilation
techniques and artificial intelligence (Al) software. Data science techniques, such
as data assimilation and Al, are popular tools that can extract additional infor-
mation or find common patterns from big datasets. Combining these techniques
with our model, can lead to better patient-specific predictions.

By constantly feeding the model with intraoperatively measured data, pre-
dictions can be continuously updated. In Figure 6.2 a possible work flow is pre-
sented. In blue and grey, the normal workflow is show, and in red the additions
to the work flow based on the use of our model are shown. In this workflow, first,
a model of the patient baseline status is created, based on preoperative patient
measurements. This model can be used to aid in surgical and anesthesia plan-
ning. In such a model, various surgical scenario’s can be tested and the outcome
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can be used as input for patient treatment. During surgery, real-time data pro-
cessing can be used to compare model output to perioperative measurements,
and adapt the model parameters to improve future predictions. After surgery,
the model can be adapted to represent the postoperative patient, combining
the model with data and risk predictors such as early warning scores. Possibly,
this combination can be used to detect patient deterioration earlier and assist in
treatment for perioperative complications. Finally, the goal is to have less fluid
administration-related complications, and quicker patient recovery.

6.5 Conclusion

In conclusion, we took the first steps towards a mathematical model predicting
fluid responsiveness and redistribution in critically ill patients. Next, this model
must be further tested and possibly extended for patient-specific application. In
the future, the model may contribute to guiding fluid administration and thereby
reducing hypervolemia-related complications.
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Chapter 7
Epilogue



Multidisciplinary Collaborations

In this changing world, where research and industry move at the speed of light,
collaboration is key to a successful project with the goal of clinical application.
In the past, many projects or products have been developed within the confounds
of one partner, e.g., in a university, whereafter they failed in daily use in indus-
try or a hospital. Early collaboration with different partners is a way to prevent
this ‘ivory tower’” phenomenon. Input of medical experts, industrial partners and
scientists from different disciplines from an early research stage is very impor-
tant for this. The Impuls framework (now e/MTIC) is a unique framework in the
medical technology field in Eindhoven, which enables this partnership.

Finding the balance

The work presented in this thesis was performed within Impuls |1, as a collabora-
tion between Eindhoven University of Technology, Catharina Hospital Eindhoven
and Philips research. This collaboration gave me easy access to the knowledge
of medical professionals, and the opportunity to experience surgeries and the in-
tensive care unit. Also, this provided me with insight into the world of technology
and business at Philips Research. Without my supervisors from all three parties,
this work would not have been possible.

The strength from these different partners, with their experiences and skills,
can also be a pitfall. The achievements and succes of each partner is usually
measured in different terms. Academics are judged by research output, quanti-
fied in journal papers and conference contributions. Industrial partners have to
balance the return of investment and company-wide key performance indicators.
Our clinicians have to balance their primary job of caring for patients and of-
ten personal goals for advancing the medical practice, leading to better patient
care. Of course, at the end ‘better patient care’ is the main goal for most people
involved.

The variation in short term goals, strategies and measure of succes influence
the person at the center of the project. Often this role is embodied by PhD-
candidates or postdocs, who have to balance the expectations from each project
partner. Managing the pull to different directions is a valuable lesson and charac-
ter building. In my experience, a great sense of accomplishment can be obtained
when one manages to get ‘everyone aligned. | believe that the experiences and
knowledge gained by previous students should be transferred to the next gener-
ation, since reinventing the wheel every time is not the most efficient way to get
to the final goals of the project.
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Challenges and solutions

There are some lessons to be learned from experiencing and seeing the same
problems arise in projects around me. First of all, open and clear communication
is one of the most important factors in life, and also in science. To me this means
that when presenting one project, you may need to make three presentations.
One presentation aimed at fellow technical scientists, one aimed at an industrial
audience and one aimed at clinical professionals. Simple conversions of units as
well as the inclusion or exclusion of details can make a big difference.

Second, in my opinion naturally formed teams, in a bottom up approach, have
the highest chance to succeed. However, most important is that all partners are
involved and interested in the final goal of the project. This is essential because
everyone that has worked in research knows that solving a problem usually opens
up multiple new doors to new questions and challenges. The investment of each
person is necessary to tackle these challenges. In the case that teams are formed
from a top down approach there may be an extra step needed for good results.
E.g., direct communication and clear objectives must be formulated quickly and
with input from all partners. A good team, with clear expectations gives rise to
many more challenges to be tackled and more knowledge to be gained.

Third, it takes a village to raise a child. For 4.5 years | worked on, every
word, every line of code and every figure of this thesis. This would not have
been possible without the knowledge, experience and creativity of my supervi-
sory team. Our monthly meetings have been a great source of inspiration and
ensured the continuous progress of this work. Besides this team, there is another
team of fellow PhD candidates who have been there for inspiration, persever-
ance and sharing of knowledge and sense of similarity. Daily, | had the pleasure
of working alongside my colleagues at the Biomedical Engineering department.
This environment was a great inspiration and brought much joy to my daily work
schedule. Learning about the projects from different research fields and experi-
ences has been valuable. Integrating PhD candidates from different projects into
one office, enables easy sharing of knowledge. Also, collaborations such as MaTe
are very important and should be cherished in my opinion.

Additionally, | occasionally worked together with my fellow Impuls Il col-
leagues. The Impuls Il perioperative team has seen some changes over the year.
There have been formal meetings, group meetings and eventually mostly social
informal meetings over the years. Each of these interactions have brought inspi-
ration and help to each other. Making sure that these bonds are formed, tips are
shared and complaints can be heard is as important as the scientific side.
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Conclusion

Besides the technical and clinical part of this thesis, the organisation and multi-
disciplinary part has been described in this epilogue. Some of the most valuable
lessons that | will carry throughout life have been learned here. The ultimate
goal of every researcher is to make a contribution to the world, either by im-
proving clinical health care, developing better transportation, or reducing global
warming. The collaboration of universities with other partners is one that en-
ables more and quicker implementation, necessary in specific projects. Let us
continue to build a stronger framework with a place for every partner, working
together towards one goal.
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