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Abstract 

Closed-loop automation of critical care therapy has the potential to reduce the workload of clinical 
personnel while maintaining the quality of care.  In the real-world clinical arena, critically ill patients 
receive multiple medical treatments.  However, existing body of work has predominantly focused 
on closed-loop automation of isolated individual treatments.  How these individual treatment loops 
interact with each other has not been investigated.  The goal of this work is to garner insights on 
the safety of critical care therapy and potential deleterious conflicts therein when multiple isolated 
and individually closed-loop controlled medical treatments act upon a patient, using a case study 
of hemorrhage resuscitation and intravenous propofol sedation.  For this purpose, a physiological 
model of a critically ill patient was developed and experimentally validated to describe the 
collective cardiovascular and pharmacological effects of these treatments.  Then, isolated and 
individually closed-loop controlled hemorrhage resuscitation and intravenous propofol sedation 
treatments were simultaneously applied to the physiological model and their interactive behavior 
was investigated.  The results showed that (i) the influence of one treatment on the other must be 
taken into account in selecting treatment set point to maintain the safety of overall therapy, and 
that (ii) information sharing between control loops may enhance the efficacy and robustness of 
individual treatment loops.  In sum, it was concluded that hemorrhage resuscitation and 
intravenous propofol sedation treatments may benefit from coordination both at the set point and 
the loop levels.  The conclusion may generalize to a wide spectrum of multiple closed-loop 
controlled medical treatments. 
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1. Introduction 
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Closed-loop automation of critical care therapy has the potential to reduce the workload of clinical 
personnel while maintaining the quality of care.  Prior work suggests that caregivers have limited 
bandwidth to strictly titrate medical treatments to therapy goals[1,2], and that closed-loop 
automation may complement caregivers by automating patient monitoring and treatment titration 
tasks and improve the efficacy of overall therapy[3–12]. 

In the real-world clinical arena (such as intensive care units and emergency rooms), critically ill 
patients frequently receive multiple medical treatments, including hemorrhage resuscitation[13] 
and blood volume management[14], vasopressor therapy[15,16], sedation and analgesia[17], and 
mechanical ventilation[18].  Accordingly, there is a large body of existing work on the development 
of closed-loop automated control systems for these treatments, some of which have been 
evaluated in real patients to show promise[3,4,20–26,6–12,19].  However, despite the fact that 
these treatments must often be administered simultaneously, most prior work has predominantly 
focused on rather unrealistic scenarios in which an individual treatment is given in an isolated 
fashion.  In contrast, existing work on closed-loop automation of multiple treatments 
simultaneously administered to a patient is relatively rare[9,12,27]. 

Each treatment given to a patient typically elicits changes in multiple aspects of patient physiology 
(including the intended change).  Hence, it is to be expected that multiple closed-loop automated 
treatments acting on a patient may make interactions, be they synergistic or antagonistic.  Taking 
hemorrhage resuscitation-intravenous (IV) propofol sedation as an example, (i) hemorrhage 
resuscitation intends to compensate for blood loss often by titrating blood volume replenishment 
to blood pressure (BP) while (ii) IV propofol sedation intends to sedate the patient often by titrating 
propofol to a depth-of-hypnosis index (e.g., BIS and WAVCNS[28]).  In case these treatments are 
administered simultaneously, they may exert conflicting effects to each other: (i) hemorrhage 
resuscitation increases plasma volume, dilutes plasma propofol concentration, and weakens the 
sedation effect of propofol; and (ii) propofol induces decrease in stressed blood volume (BV) and 
resistance to blood flow (called total peripheral resistance (TPR)), and thereby lowers BP.  Hence, 
these control loops can be trapped into a vicious circle in which more volume and propofol are 
given indefinitely to fulfill the individual treatment goals against the antagonistic effects exerted 
on each other unless they are appropriately coordinated.  Despite such a potential risk, closed-
loop automation of multiple critical care treatments in the (rare) existing body of work has 
essentially stacked together isolated control loops in an ad-hoc fashion[6,9,12,29,30].  
Furthermore, potentially deleterious interactions among these isolated control loops have not 
been extensively investigated.  Hence, how individual closed-loop controlled treatments interact 
with each other when administered simultaneously remains unknown. 

This work intends to garner insights on the safety of critical care therapy when multiple isolated 
and individually controlled medical treatments act upon a patient, using a case study of BP-guided 
hemorrhage resuscitation and BIS-guided IV propofol sedation.  A physiological model of a 
critically ill patient to describe the collective cardiovascular (CV) and pharmacological effects of 
the two treatments was developed and experimentally validated.  Using the physiological model, 
steady-state BP-BIS responses to a diverse range of resuscitation volumes and propofol infusion 
doses were analyzed in order to elucidate the conflicting interactions between the two treatments.  
Further, individually closed-loop controlled hemorrhage resuscitation and IV propofol sedation 
loops were applied simultaneously yet in isolation to the physiological model and their interfering 



behavior was investigated under (i) a wide range of treatment set points and (ii) the presence vs. 
absence of information sharing between the control loops in order to demonstrate the potential 
benefit of control loop coordination. 

 

2. Methods 

 

2.1 Physiological Model of Collective Effects of Hemorrhage Resuscitation and IV Propofol 
Sedation 

We developed a physiological model to predict the collective effects of hemorrhage resuscitation 
and IV propofol sedation by combining and extending a physiological model to replicate CV effects 
of hemorrhage and hemorrhage resuscitation developed in our prior work[31,32] and a general-
purpose pharmacological model to replicate BIS effect of IV propofol[33,34] (Fig. 1).  To the best 
of our knowledge, our physiological model is the first attempt to replicate the CV and BIS 
responses to combined hemorrhage resuscitation-IV propofol sedation therapy.  We present a 
qualitative overview of the physiological model in this section.  Complete mathematical details of 
the physiological model are given in Appendix. 

The CV physiology model consists of volume kinetics in the arterial and venous vessels, vessel-
tissue fluid exchange, and autonomic-cardiac regulation.  The volume kinetics represents the 
changes in arterial and venous BV as well as BP in response to hemorrhage and hemorrhage 
resuscitation.  The arterial and venous vessels are modeled separately as lumped compartments, 
with capacitance associated with each compartment relating BV and BP in the corresponding 
compartment.  The vessel-tissue fluid exchange represents the resultant effect of the change in 
BV on capillary filtration and lymphatic drainage.  Based on its behavior known in the literature[35], 
the fluid exchange is modeled phenomenologically as a dynamically regulated process to allocate 
total hemorrhage and resuscitation volumes to vessels and tissues.  The autonomic-cardiac 
regulation represents the control of cardiac output (CO) and TPR to maintain arterial BP against 
the change in BV.  Established knowledge on the CV physiology[36] is modeled into simple 
lumped-parameter models: (i) CO is modeled to dynamically regulate the effect of perturbation in 
venous BP (i.e., preload), while (ii) TPR is modeled to dynamically counteract the change in 
arterial BP and passively react to the change in blood viscosity. 

The propofol pharmacological model consists of a 3-compartment pharmacokinetic (PK) model, 
an effect site delay model, and a sigmoidal pharmacodynamics (PD) model associated with BIS.  
We employed this PKPD model due to its adequate performance in a wide range of cohorts and 
clinical conditions. 

In combining the CV physiology and propofol PKPD models, we made extensions to replicate the 
following interactions between hemorrhage resuscitation and IV propofol sedation treatments.  
First, we incorporated the effect of BV change on plasma propofol concentration by making the 
distribution volume of the central (i.e., blood) compartment in the propofol PK model (i.e., VD in 
Eq. (A14)) a function of BV computed in the CV physiology model.  Note that such an extension 
is consistent with prior experimental observations that hemorrhage and hypovolemia increases 



hypnotic effect of propofol[37,38].  Second, we incorporated the arterial vasodilation and 
venodilation effects of propofol[39–41] by making extensions to the CV physiology model.  To 
include the arterial vasodilation effect, we added a propofol-induced depression term to the TPR 
control dynamics.  To include the venodilation effect, we expressed venous BV as the sum of 
stressed venous BV and unstressed venous BV[36], and modeled unstressed BV as a dynamical 
function to counteract the change in arterial BP (by way of autonomic-cardiac regulation) and 
passively respond to the change in plasma propofol concentration.  

 

2.2. Model Identification and Validation 

To enable realistic prediction of CV and BIS responses to hemorrhage resuscitation and propofol 
sedation, we estimated the parameters in the physiological model (integrating CV physiology and 
propofol pharmacology) using in-house experimental data and experimental results reported in 
the literature.  Our parameter estimation was performed in two steps.  First, we estimated the 
parameters associated with the CV physiology using in-house experimental data collected from 
28 sheep (including 23 resuscitated with crystalloid and 5 resuscitated with colloid)[42–44].  In 
brief, the sheep underwent a major hemorrhage of 25ml/kg and received resuscitation fluid based 
on previously developed closed-loop control algorithms[42,44].  Using the hemorrhage and 
resuscitation fluid profiles as inputs and hematocrit (HCT, a well-known measure of BV[45]), CO, 
and arterial BP measurements as output, we formulated and solved an optimization problem with 
a regularization constraint[32] to estimate the CV physiology model parameters 𝛉𝛉CV∗ : 

𝛉𝛉CV∗ = arg min
𝛉𝛉CV

�� 1
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‖𝐲𝐲HCT − 𝐲𝐲�HCT(𝛉𝛉CV, 𝐉𝐉H, 𝐉𝐉R)‖2 + 1
σCO

‖𝐲𝐲CO − 𝐲𝐲�CO(𝛉𝛉CV, 𝐉𝐉H, 𝐉𝐉R)‖2 +

1
σBP

‖𝐲𝐲BP − 𝐲𝐲�BP(𝛉𝛉CV, 𝐉𝐉H, 𝐉𝐉R)‖2�+ λ�𝛉𝛉CV − 𝛉𝛉CV0 �1�      (1) 

where 𝛉𝛉CV is the set of CV physiology model parameters defined in Appendix, 𝛉𝛉CV0  is the typical 
(population average) value of 𝛉𝛉CV, 𝐲𝐲X and 𝐲𝐲�X are the vectors of measured and model-predicted 
physiological variable X, 𝐉𝐉H and 𝐉𝐉R are the vectors of hemorrhage and hemorrhage resuscitation 
profiles, σHCT, σCO, and σBP are the normalization factors, and λ is the regularization weight.  The 
regularization term in (1) was included to achieve practical identifiability against data limitation[32].  
Second, we estimated the parameters associated with the propofol pharmacology using 
experimental results on the CV effects of IV propofol in 17 adults[39].  In brief, the subjects 
received 3 different propofol infusion doses while CV responses were measured.  Using the 
propofol infusion dose as input and CO, TPR, and arterial BP measurements as output, and 
assuming that the effect site time constant associated with CV endpoints is approximately twice 
slower than its BIS counterpart[40], we formulated and solved an optimization problem to estimate 
the propofol pharmacology model parameters 𝛉𝛉PD∗ : 

𝛉𝛉PD∗ = arg min
𝛉𝛉PD

(‖𝐳𝐳CO − 𝐳𝐳�CO(𝛉𝛉PD, 𝐉𝐉P)‖2 + ‖𝐳𝐳TPR − 𝐳𝐳�TPR(𝛉𝛉PD, 𝐉𝐉P)‖2 + ‖𝐳𝐳BP − 𝐳𝐳�BP(𝛉𝛉PD, 𝐉𝐉P)‖2) 

            (2) 

where 𝛉𝛉PD is the set of propofol PD model parameters defined in Appendix, and 𝐳𝐳X and 𝐳𝐳�X are the 
vectors of measured and model-predicted physiological variable X expressed in terms of its 
percentage change from the baseline state (corresponding to zero propofol dose).  We considered 



the percentage change but not the absolute change to account for the discrepancy in species 
between the hemorrhage/resuscitation data (sheep) and the propofol data (humans), with the 
implicit assumption that CV effects of propofol in terms of percentage change are comparable in 
sheep and humans due to the hemodynamic similarity between the two. 

We investigated the validity of the physiological model using the experimental results reported in 
the literature not used in estimating the model parameters.  First, we validated the CV physiology 
component of the physiological model in isolation, in terms of its ability to predict plausible CV 
responses to hemorrhage and hemorrhage resuscitation, by replicating the experimental results 
presented in 4 prior reports: (i) arterial BP, CO, and TPR responses to slow and fast crystalloid 
resuscitation in humans[46]; (ii) arterial BP, HCT, and CO responses to hemorrhage and 
crystalloid resuscitation in sheep[47]; (iii) arterial BP, fluid retention rate, and CO responses to 
resuscitation via crystalloid and colloid in humans[48], and (iv) arterial BP and CO responses to 
colloid resuscitation in humans[49].  Second, we validated the propofol PD component of the 
physiological model associated with the CV effects in isolation, in terms of its ability to predict 
plausible CV responses to propofol infusion, by replicating the experimental results presented in 
a prior report on arterial BP, CO, and TPR responses to IV propofol[50].  Considering that these 
are external validations (meaning that model parameters were not tuned specifically to these data 
in replicating the corresponding responses), our primary focus was to investigate the ability of the 
physiological model to replicate the qualitative trends of the responses in these reports. 

 

2.3. Control Loop Interaction Analysis 

Using the validated physiological model, we investigated the interactions between hemorrhage 
resuscitation and IV propofol sedation control loops by conducting an array of simulations.  We 
intended to reveal the control loop interactions at two levels: (i) the set point (i.e. clinical target) 
level to reveal if the treatment set points must be coordinated (i.e., if the set point for one treatment 
must account for the set point for the other treatment), and (ii) the loop level to reveal if the control 
loops must be coordinated (i.e., if the control actions in one treatment must account for the control 
actions in the other treatment).  In all the simulations conducted in this work, we used the 
physiological model equipped with nominal parameter values to derive generalized findings.  
Considering that rigorous control design is not the primary focus of this work, we empirically 
designed and used isolated single input-single output proportional-integral control loops for 
hemorrhage resuscitation and IV propofol sedation. 

First, we investigated the control loop interaction at the set point level, in order to determine if the 
influence of hemorrhage resuscitation on BIS as well as the influence of propofol sedation on BP 
must be accounted for in selecting the treatment set points.  To this aim, we analyzed the steady-
state BP and BIS responses to a wide range of hemorrhage volumes, resuscitation volumes, and 
propofol infusion doses (in open-loop mode), and then (ii) performed simulations of closed-loop 
controlled hemorrhage resuscitation-propofol sedation therapy for diverse BP and BIS set point 
choices.  In analyzing the steady-state responses, we considered a wide range of upper bounds 
associated with hourly/total resuscitation volume and propofol infusion dose to account for patient 
safety (note that such upper bounds are commonly employed in existing work[29]), which resulted 



in a reachable BP-BIS set point region.  Then, we examined the behavior of the closed-loop 
controlled treatments with respect to whether the treatment set points are inside or outside the 
reachable region by considering the following scenario (Fig. 2(a)): (i) hemorrhage was induced 
and was subsequently stopped; and (ii) closed-loop controlled hemorrhage resuscitation and 
propofol sedation were given to accomplish reachable vs. unreachable BP-BIS set points. 

Second, we investigated the control loop interaction at the loop level, in order to determine if any 
coordination between hemorrhage resuscitation and propofol sedation control loops (e.g., alerting 
impending changes in resuscitation volume to propofol sedation loop and/or alerting impending 
changes in propofol infusion dose to hemorrhage resuscitation loop, so that individual control 
loops can anticipate disturbances and prepare to account for them) may enhance the efficacy and 
robustness of individual treatments.  For this purpose, we performed simulations to examine the 
behavior of the closed-loop controlled treatments with respect to whether or not the impending 
changes in resuscitation volume and propofol infusion dose are notified to both treatment loops 
as alert.  Our rationale is that if the therapy performance is significantly enhanced by coordination, 
contemporary approach to closed-loop controlled critical care therapy (multiple single input-single 
output control loops isolated from one another) must ideally be replaced by more sophisticated 
yet interactive multivariable control loops.  To examine the advantage of alerting propofol infusion 
dose change to hemorrhage resuscitation, we considered the following scenario: (i) hemorrhage 
was induced and was subsequently stopped; (ii) closed-loop controlled hemorrhage resuscitation 
and propofol sedation were given to accomplish a reachable BP-BIS set point; and (iii) BIS set 
point was decreased by a stepwise increase in the propofol infusion dose while BP set point was 
maintained (Fig. 2(b)).  Then, we compared the transient BP-BIS response in the absence vs. 
presence of alert: (i) in the absence of alert, the hemorrhage resuscitation control loop operated 
solely based on the BP measurement independently of the propofol sedation control loop; while 
(ii) in the presence of alert, the hemorrhage resuscitation control loop administered extra bolus 
volume required to counteract the BP-lowering effect of the change in the BIS set point in the 
steady state (note that this required volume can be readily computed based on the steady-state 
analysis mentioned above).  To examine the advantage of alerting resuscitation volume change 
to propofol sedation, we considered the following scenario: (i) hemorrhage was induced and was 
subsequently stopped; (ii) closed-loop controlled hemorrhage resuscitation and propofol sedation 
were given to accomplish a reachable BP-BIS set point; and (iii) BP set point was increased via 
a resuscitation bolus while BIS set point was maintained (Fig. 2(c)).  Then, we likewise compared 
the transient BP-BIS response in the absence vs. presence of alert: (i) in the absence of alert, the 
propofol sedation control loop operated solely based on the BIS measurement independently of 
the hemorrhage resuscitation control loop; while (ii) in the presence of alert, the propofol sedation 
control loop made a stepwise increase in the infusion dose required to counteract the BIS-raising 
effect of the change in BP set point in the steady state (note that this required infusion dose can 
be readily computed based on the steady-state analysis mentioned above).  In both scenarios, 
we varied hemorrhage volume as well as BP-BIS set points widely to garner insights on the control 
loop behavior as well as to ascertain its robust generalizability. 

 

3. Results 



Table 1 summarizes the goodness of fit results obtained from the internal validations conducted 
for the physiological model in terms of normalized root-mean-squared error.  Fig. 3 presents the 
results obtained from the external validations conducted for the physiological model.  Table 2 
summarizes both transient and steady-state effects made by the crystalloid/colloid bolus and 
propofol (at a constant infusion dose) on CV variables and BIS.  Fig. 4 presents the representative 
examples of reachable BP-BIS set point region in the steady state pertaining to (a) crystalloid-
propofol and (b) colloid-propofol, associated with 0.75 L hemorrhage volume as well as 1.5 L total 
resuscitation volume and 0.25 mcg/kg/min propofol infusion dose (amounting to BIS=30 in the 
steady state at the pre-resuscitation BV level) as therapeutic upper bounds.  Fig. 5 presents BP-
BIS and CO-TPR phase plots comparing the dynamic behavior of the closed-loop controlled 
colloid-based hemorrhage resuscitation and propofol sedation treatments commanded to track 
representative set points in the (a) reachable region, (b) region pertaining to volume (i.e., colloid) 
overload, and (c) region pertaining to propofol over-dosing in Fig. 4.  Fig. 6 shows BP-BIS phase 
plots comparing the transient set point tracking behavior of the closed-loop controlled hemorrhage 
resuscitation-propofol sedation treatments in the absence vs. presence of alert (i.e., information 
sharing) between the two control loops: (a) hemorrhage resuscitation with vs. without BIS set 
point change alert and (b) propofol sedation with vs. without hemorrhage resuscitation set point 
change alert. 

 

4. Discussion 

Closed-loop automation of critical care therapy is gaining an increasing interest both in research 
and clinical domains as a means to reduce the workload of clinical personnel while maintaining 
the quality of care.  Critically ill patients frequently receive multiple medical treatments.  However, 
closed-loop automation of individual critical care treatments in an isolated setting has been the 
mainstay of existing body of work, with no explicit account for (potentially conflicting) interactions 
among multiple treatment control loops.  In our attempt to make a paradigm shift, we intended to 
garner insights on the safety of critical care therapy and potential conflicts therein when multiple 
isolated and individually controlled medical treatment loops act upon a patient.  To this aim, we 
used a case study of hemorrhage resuscitation and IV propofol sedation.  We demonstrated that 
(i) the safety of critical care therapy consisting of multiple closed-loop controlled treatments may 
be deteriorated if the treatment set points are chosen without taking the interactions among the 
treatments into account, and that (i) the efficacy and robustness of multiple closed-loop controlled 
treatments may be enhanced by allowing the control loops to communicate and share information 
with one another.  Details follow. 

 

4.1. Validity of Physiological Model 

Internal validation of the physiological model suggested that the optimization problems in Eq. (1)-
(2) were adequately solved to yield small cost function values, and that the physiological model 
equipped with appropriate parameter values can predict physiologically plausible BV, CO, and 
arterial BP responses to hemorrhage and hemorrhage resuscitation as well as propofol sedation.  
Indeed, the physiological model exhibited reasonable goodness of fit with respect to the data used 



in Eq. (1) with normalized root-mean-squared errors consistently smaller than 12% in HCT, CO, 
and arterial BP, and also with respect to the data used in Eq. (2) with normalized root-mean-
squared errors consistently smaller than 5% in CO, TPR, and arterial BP. 

External validation of the physiological model demonstrated great promise.  First, it could replicate 
the qualitative trend of arterial BP, CO, and TPR responses to hemorrhage as well as slow and 
fast crystalloid resuscitation, including (i) minimal arterial BP change and (ii) large changes in CO 
and TPR (relative to BP) in correct directions and magnitudes in response to hemorrhage (T2) 
and crystalloid resuscitation (T3-T6) (Fig. 3(a)), and additionally, (iii) drastic decrease in BV in 
response to hemorrhage and its incomplete recovery to the pre-hemorrhagic level in response to 
resuscitation (not shown).  Second, it could replicate the qualitative trend of arterial BP, HCT, and 
CO responses to crystalloid resuscitation after hemorrhage, including (i) large decrease in arterial 
BP and CO in response to hemorrhage (T2), (ii) temporary recovery in arterial BP and CO in 
response to crystalloid resuscitation (T3) and ultimate convergence to sub-pre-hemorrhagic levels 
(T4), and (iii) monotonic decrease in HCT (Fig. 3(b)).  Third, it could replicate the qualitative trend 
of arterial BP, fluid retention rate, and CO responses to crystalloid and colloid administration, 
especially the pronounced increases in these responses to colloid relative to crystalloid (Fig. 3(c)).  
Fourth, it could replicate the qualitative trend of arterial BP and CO responses to colloid (Fig. 3(d)).  
Fifth, it could replicate the qualitative trend of arterial BP, CO, and TPR responses to IV propofol 
administration, including (i) decrease in CO (due to venodilation decreasing stressed BV) and 
TPR (due to arterial vasodilation), and as a consequence, (ii) decrease in arterial BP (Fig. 3(e)).  
In addition to the abovementioned qualitative trends, the physiological model could even 
adequately predict the quantitative trends in all the external validations in Fig. 3.  Considering that 
the external validation was performed without any tuning of the model parameters beyond the 
optimization trials performed in (1)-(2), the results demonstrate that the physiological model 
boasts reasonable predictive capability to enable extensive analysis of the dynamic interactions 
occurring between closed-loop controlled hemorrhage resuscitation and propofol sedation 
treatments. 

 

4.2. Conflicting Interactions in Closed-Loop Controlled Hemorrhage Resuscitation and IV 
Propofol Sedation 

The results derived from the control loop interaction analysis for hemorrhage resuscitation and IV 
propofol sedation treatments (Section 2.3) illustrate that coordination may be desired both at the 
set point level and loop level in order to de-conflict the two treatments.  At the set point level, BP 
and BIS set points given to hemorrhage resuscitation and IV propofol sedation control loops must 
account for the influence of one treatment to the other to ensure the safety of the overall therapy.  
Hemorrhage resuscitation and propofol sedation exert conflicting effects on BP and BIS especially 
in case of colloid resuscitation (Table 1 and Fig. 4): (i) administering crystalloid/colloid to raise BP 
also raises BIS (meaning it lowers the depth of sedation) by diluting propofol in the blood and thus 
lowering the plasma propofol concentration, and (ii) increasing the propofol infusion dose to lower 
BIS also lowers BP by lowering TPR and stressed BV.  It may be naively anticipated that closed-
loop control algorithms for hemorrhage resuscitation and propofol sedation may compensate for 
such excursions in the controlled variables by suppressing the disturbances originating from such 



a conflicting treatment.  However, the ability of the closed-loop control algorithms to compensate 
for such excursions hinges upon the restrictions given to the allowed (hourly/total) resuscitation 
volume and propofol infusion dose, viewed as the actuator saturation in the control community.  
More specifically, a BP-BIS set point can be achieved if it is in the reachable region determined 
by the upper bounds of resuscitation volume and propofol infusion does (i.e., actuator saturation) 
((A) in Fig. 4(b)).  In contrast, it cannot be achieved if it is outside the reachable region (meaning 
that BP set point is too high and/or BIS set point is too low), or in the absence of actuator saturation, 
may be reached at the cost of unacceptable resuscitation volume and propofol infusion dose ((B), 
(C), and (B)+(C) in Fig. 4(b)).  Fig. 5 corroborates convincing supports to our claim: (i) closed-
loop controlled therapy can achieve a set point in the reachable region (Fig. 5(a)), but (ii) it either 
fails to achieve a set point (when actuator saturation is enforced) or leads to unacceptable CO 
and TPR values in the patient (when actuator saturation is relaxed) if the set point is outside the 
reachable region (Fig. 5(b)) and Fig. 5(c)).  In Fig. 5(b), the set point is in the volume overload 
region ((B)) in Fig. 4(b).  Hence, BIS set point is achieved while BP set point is not achieved if the 
actuator saturation is in effect.  In Fig. 5(c), the set point is in the propofol over-dosing region ((C)) 
in Fig. 4(b).  Hence, BP set point is achieved while BIS set point is not achieved if the actuator 
saturation is in effect.  In both cases, to achieve the selected set points required massive colloid 
volume resuscitation and propofol infusion dose, resulting in physiologically unacceptable level of 
CO and TPR (see the blue solid traces in Fig. 5(b) and Fig. 5(c)).  Therefore, the results indicate 
that BP-BIS set points must be coordinated to ensure that it resides in the reachable region to 
guarantee patient safety. 

Comparing the reachable regions associated with crystalloid (Fig. 4(a)) and colloid (Fig. 4(b)), the 
region is much smaller in the case of crystalloid than colloid.  Hence, simultaneous administration 
of hemorrhage resuscitation and propofol sedation with BP and BIS as controlled variables may 
present more significant challenges in the case of crystalloid than colloid.  Specifically, crystalloid 
has minimal effect on BP (which is consistent with existing experimental reports; see, e.g., Fig. 
3(a) and Fig. 3(c)).  Hence, BP set point associated with crystalloid resuscitation must be raised 
(or lowered) if BIS set point is to be raised (or lowered).  Fluid overload may result otherwise.  
Despite to a moderate extent, BP-BIS set point must likewise be chosen in coordination in case 
of colloid resuscitation: (i) BP set point must be properly raised (or lowered) if BIS set point is to 
be raised (or lowered), and (ii) BIS set point must be properly raised (or lowered) if BP set point 
is to be raised (or lowered). 

At the loop level, the efficacy, robustness, and safety of individual treatment control loops may be 
enhanced by sharing information on the operation of individual control loops.  For example, Fig. 
6 demonstrates that the transient set point tracking behavior may be largely improved if set point 
change information is shared between hemorrhage resuscitation and propofol sedation control 
loops, by enabling each control loop to “look ahead and reconcile” the impending disturbance due 
to the set point change in the other control loop rather than forcing it to “react” to the disturbance 
once it is sensed through the excursions in the controlled variables.  Indeed, the excursion in BP 
could be reduced significantly when the hemorrhage control loop was informed of the change in 
the propofol infusion dose (to deepen sedation) in advance (Fig. 6(a)).  Such a robustness in BP 
regulation may contribute to the prevention of potentially dangerous hypotension.  In addition, the 
excursion in BIS could be likewise reduced when the propofol sedation control loop was informed 



of the change in the resuscitation volume (to raise BP and improve hemodynamics, be it a bolus 
or an infusion) in advance (Fig. 6(b)).  It is noted that the excursion in BIS in Fig. 6(b) was not 
substantial in absolute amount.  However, the excursion can be exacerbated in real-world clinical 
scenarios, e.g., in case resuscitation volume is given while surgical stimulation is applied (which 
is known to increase BIS[51,52]).  In addition, Fig. 5(a) illustrates another aspect of potential 
benefit associated with coordination at the loop level: hemorrhage resuscitation and propofol 
sedation control loops can be reconciled to make an optimal set point transition (e.g., to follow 
the “ideal path” in Fig. 5(a)) to prevent unnecessary overshoot and undershoot in BP and BIS.  
Considering the advantage garnered by simply alerting the set point change to the other treatment 
control loop in conjunction with ad-hoc yet preventive disturbance rejection action shown in Fig. 
6, we contend that more sophisticated multivariable control techniques may have the potential to 
make more significant enhancements in the transient behavior of the control loops.  Indeed, 
multivariable control design techniques may provide systematic means to incorporate the 
physiological and pharmacological mechanisms underlying the interaction between hemorrhage 
resuscitation and propofol sedation treatments into the development of closed-loop control 
algorithms capable of autonomously reconciling multiple treatment goals by exploiting the 
physiological model in the control design process. 

In summary, our work demonstrates that control loop coordination is desired both at the set point 
level and at the loop level to de-conflict the closed-loop controlled hemorrhage resuscitation and 
propofol sedation treatments, motivating the rigorous investigation of autonomous multivariable 
set point selection for and closed-loop control of multiple critical care treatments. 

 

4.3. Generalization to Diverse Critical Care Treatments 

In this work, we focused on the analysis of conflicting interference between closed-loop controlled 
hemorrhage resuscitation and propofol sedation treatments.  However, the analysis framework 
presented in this work may be easily generalized to investigate possible interference between 
diverse critical care treatments of interest.  One such treatment of practical significance may be 
mechanical ventilation.  It is known that mechanical ventilation tends to decrease the sensitivity 
of autonomic-cardiac regulation during general anesthesia[41].  Hence, mechanical ventilation 
will introduce an additional dimension in the analysis of conflicting interference between 
hemorrhage resuscitation and propofol sedation by making alterations to vasodilation and 
venodilation effects of propofol.  Such a complex interactions may still be readily elucidated by 
extending the analysis performed in this work, by incorporating a physiological model of breathing 
with mechanically ventilation into the physiological model presented in this work and its influences 
on CV responses.  The analysis framework presented in this work may likewise be easily 
generalized to investigate closed-loop controlled critical care treatments based on diverse 
endpoints.  For example, this work used arterial BP as the endpoint for hemorrhage resuscitation.  
However, other endpoints, including pulse pressure variability[53] (which is a predictor of BV) and 
variabilities associated with autonomic cardiac regulation[54] (which are associated with mortality), 
may be accommodated in the analysis framework by, e.g., extending the physiological model 
presented in this work to the one in which systolic, mean, and diastolic BP levels can be predicted, 
or even to the one in which arterial BP waveform itself can be predicted[55].  In sum, with the 



availability of physiological models suited to the intended analysis (which may be furnished by 
extending the physiological model presented in this work), this work may provide a potentially 
powerful framework for elucidating and developing solutions to resolve therapeutic safety 
concerns due to conflicting interference between multiple closed-loop controlled critical care 
treatments. 

 

5. Conclusion and Future Work 

This work demonstrated the potential of destructive interference between individually closed-loop 
controlled hemorrhage resuscitation and IV propofol sedation treatments in critically ill patients.  
It was illustrated that efficacy and safety of the overall therapy are degraded if treatment set points 
are selected without careful account for the conflicting CV and pharmacological effects of the two 
treatments and/or if treatment information is not shared between the two control loops.  Findings 
made in this work suggest opportunities for coordination of closed-loop hemorrhage resuscitation 
and IV propofol sedation control loops both at the set point and loop levels, and may generalize 
to many closed-loop controlled critical care treatments administered simultaneously.  Future work 
must invest effort to develop systematic and scalable solutions that can enable safety-preserving 
coordination of interacting closed-loop controlled treatment loops in the critical care arena. 
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Appendix: Physiological Model of Collective Effects of Hemorrhage Resuscitation and IV 
Sedation 

The CV physiology model consists of volume kinetics in the arterial and venous vessels, vessel-
tissue fluid exchange, and autonomic-cardiac regulation.  Details and complete set of equations 
are presented below. 

 

A.1. Volume Kinetics 

The volume kinetics represent changes in arterial and venous BV and BP in response to blood 
gain and loss.  The arterial and venous vessels are modeled separately as lumped compartments 
subject to blood gain and loss as well as blood flow between them (Fig. 1): 

 V̇A(t) = Q(t) − PA(t)−PV(t)
R(t)

− JH(t) − JE(t)      (A1) 

 V̇V(t) = −Q(t) + PA(t)−PV(t)
R(t)

+ JR(t)       (A2) 

V̇RBC(t) = −JH(t) VRBC(t)
VA(t)+VV(t)

        (A3) 

where VA, VV, and VRBC are arterial and venous BV as well as red blood cell (RBC) volume, Q is 
CO, R is TPR, PA and PV are arterial and venous BP, and JH, JR, and JE are the rates of blood loss 
(hemorrhage), blood gain (resuscitation), and vessel-tissue fluid exchange rate.  PA and PV are 
related to VA and VV by arterial and venous capacitance: 

 PA(t) − PA0 = KA(VA(t)− VA0)        (A4) 

 PV(t) − PV0 = KV�VV(t)− VV0 − (VVU(t)− VVU0)�     (A5) 

where PA0 and PV0 are nominal arterial and venous BP, VVU is unstressed venous BV, VA0, VV0, 
VVU0 are nominal arterial, venous, and unstressed venous BV, and KA and KV are the arterial and 
venous elastance (reciprocal of capacitance).  Total BV, V, is given by: 

 V(t) = VA(t) + VV(t)         (A6) 



 

A.2. Vessel-Tissue Fluid Exchange 

The vessel-tissue fluid exchange represents the resultant effect of change in BV on capillary 
filtration and lymphatic drainage.  The fluid exchange is modeled to phenomenologically replicate 
the known physiological knowledge that a pre-specified fraction of blood gain and loss results in 
the change in BV while the remaining fraction results in the change in tissue volume.  Denoting 
rB(t) the pre-specified change in BV in the steady state: 

 rB(t) = 1
1+αR

∫ JR(τ)dτt
0 − 1

1+αH
∫ JH(τ)dτt
0       (A7) 

where αR and αH are the ratio with which BV and tissue volume are altered in the steady state in 
response to blood gain and loss, respectively.  This phenomenological model was extensively 
validated in our prior work[56–58].  Then, the vessel-tissue fluid exchange is modeled as a simple 
proportional compensation: 

 JE = KE�V(t) − V0 − rB(t)�        (A8) 

where V0 is nominal BV. 

 

A.3. Autonomic-Cardiac Regulation 

The autonomic-cardiac regulation represents the control of CO and TPR to maintain arterial BP 
against change in BV.  Established knowledge on CV physiology is modeled into simple lumped-
parameter models: (i) CO is modeled to dynamically regulate the effect of perturbation in venous 
BP (i.e., preload), while (ii) TPR is modeled to dynamically counteract the change in arterial BP 
and passively react to the change in blood viscosity.  In the Laplace domain: 

 ΔQ(s) = KC
s+zC
s+pC

ΔPV(s)        (A9) 

 ΔR(s) = −KR
1

s+pR
ΔPA(s) + KHΔH(s)       (A10) 

where ΔQ(t) = Q(t) − Q0 , ΔR(t) = R(t) − R0 , ΔPA(t) = PA(t)− PA0 , ΔPV(t) = PV(t) − PV0  with Q0 
and R0 being nominal CO and TPR, ΔH(t) = H(t) − H0 where H(t) is blood hematocrit defined as 
H(t) = VRBC(t)

VA(t)+VV(t)
 and H0 is nominal blood hematocrit, KC, KR, and KH are gain constants, pC and 

zC are the pole and zero associated with CO dynamics, and pR is the pole associated with TPR 
dynamics. 

 

A.4. Propofol Pharmacology and Its Integration into CV Physiology 

The propofol pharmacological model consists of a 3-compartment pharmacokinetic (PK) model, 
an effect site delay model, and a sigmoidal pharmacodynamics (PD) model associated with 
BIS[33,34].  In terms of propofol mass in the central (blood) as well as fast and slow peripheral 



compartments as state variables, the PK model is given by the following ordinary differential 
equations: 

 ṁ1(t) = −(k10 + k12 + k13)m1(t) + k21m2(t) + k31m3(t) + JP(t)   (A11) 

 ṁ2(t) = k12m1(t) − k21m2(t)        (A12) 

 ṁ3(t) = k13m1(t) − k31m3(t)        (A13) 

where m1, m2, and m3 are mass in the central, fast peripheral, and slow peripheral compartments, 
k10, k12, k13, k21, and k31 are rate constants, and JP is propofol administration rate.  The effect 
site PD is modeled as a 1st-order dynamics with time constant ke0: 

 Ċe(t) = −ke0Ce(t) + VPke0m1(t)
VD(VA(t)+VV(t)−VRBC(t))

      (A14) 

where Ce(t) is the effect site plasma propofol concentration, and VD and VP are central distribution 
volume (as specified in the PK model[33,34]) and nominal plasma volume in humans.  In this way, 
the effect of varying BV (V(t) = VA(t) + VV(t)− VRBC(t)) on propofol concentration is incorporated 
into the PD model (note that VD

VP
 is the ratio between the central distribution volume and the actual 

plasma volume converting V(t) to the corresponding distribution volume).  Then, BIS is given by 
the output of a dose-response model FBIS which is a function of Ce[34]:  

 BIS(t) = FBIS[Ce(t)]         (A15) 

In combining the CV physiology and propofol PKPD models, we made extensions to replicate the 
following interactions between hemorrhage resuscitation and IV sedation treatments.  First, we 
incorporated the effect of BV change on plasma propofol concentration by making the distribution 
volume of the blood compartment a function of BV computed in the CV physiology model (see 
(A14)).  Second, we incorporated the arterial vasodilation and venodilation effects of propofol by 
making extensions to the CV physiology model.  To include the arterial vasodilation effect, we 
added a propofol-induced depression term to the TPR control dynamics in Eq. (A10): 

 ΔR(s) = −KR
1

s+pR
ΔPA(s) + KhΔH(s)− GRCe(s)     (A16) 

where GR is a gain constant associated with arterial vasodilation.  To include the venodilation 
effect, we expressed venous BV as the sum of unstressed venous BV (VVU) and stressed venous 
BV (VVS): 

 VV(t) = VVU(t) + VVS(t)        (A17) 

Then, we modeled unstressed BV as a dynamical function to counteract the change in arterial BP 
and passively respond to the change in plasma propofol concentration: 

 ΔVVU(s) = −Kvu
1

s+pR
ΔPA(s) + GVUCe(s)      (A18) 

where ΔVVU(t) = VVU(t)− VVU0, KVU is a gain constant, and GVU is a gain constant associated 
with venodilation. 



In sum, the CV physiology and propofol pharmacology parameters 𝛉𝛉CV and 𝛉𝛉PD are given by: 

 𝛉𝛉CV = {KA, KV,αR,αH, KE, KC, zC, pC, KH, KR, pR, Kvu, V0}    (A19) 

 𝛉𝛉PD = {GR, GVU}         (A20) 

  



Table 1: Goodness of fit of physiological model predictions with respect to in-house experimental 
data in terms of normalized root-mean-squared error (NRMSE). 

(a) Step 1: Cardiovascular physiology model (Eq. (1)) 

 HCT CO BP 
NRMSE [%] 4.9 11.9 9.9 

 

(a) Step 2: Propofol pharmacology model (Eq. (2)) 

 CO TPR BP 
NRMSE [%] 4.9 2.5 3.0 

 

 

  



Table 2: Transient and steady-state effect of crystalloid/colloid bolus and constant-rate propofol 
infusion on cardiovascular (CV) variables and bispectral index (BIS). 

(a) Steady state 

 BP VBU VBS CO TPR BIS 
Crystalloid × × ↑ ↑ ↓ ↑ 

Colloid ↑ × ↑ ↑ ↓ ↑ 
Propofol ↓ × × × ↓ ↓ 

 

(b) Transient (during and immediately after administration) 

 BP VBU VBS CO TPR BIS 
Crystalloid ↑ ↑ ↑ ↑ ↓ ↑ 

Colloid ↑ ↑ ↑ ↑ ↓ ↑ 
Propofol ↓ ↑ ↓ ↓ ↓ ↓ 

 

 

  



 

Fig. 1: A physiological model to describe the collective cardiovascular (CV) and pharmacological 
effects of hemorrhage resuscitation and intravenous (IV) propofol sedation treatments.  Solid lines 
and dashed lines represent the flow of physical quantity and information, respectively.  It consists 
of volume kinetics in the arterial and venous vessels, vessel-tissue fluid exchange, autonomic-
cardiac regulation, and propofol pharmacology. PA, PV: arterial and venous blood pressures (BP).  
VA, VV: arterial and venous blood volumes (BV).  VVU and VVS: unstressed and stressed venous 
BV.  JH, JR, and JP are the inputs of the physiological model: the rates of hemorrhage, hemorrhage 
resuscitation, and propofol infusion.  Q: cardiac output (CO).  R: total peripheral resistance (TPR).  
JE: the rate of vessel-tissue fluid exchange. 

 

 

  



 

Fig. 2: Control loop interaction analysis.  (a) Set point level analysis concerned the investigation 
of the behavior of the closed-loop controlled treatments with respect to whether the treatment set 
points are inside or outside the reachable region (marked in yellow background).  (b)-(c): Loop 
level analysis concerned the investigation of the behavior of the closed-loop controlled treatments 
with respect to whether the resuscitation volume and propofol infusion dose changes are alerted 
to both treatment loops. 

 

  



 



Fig. 3: External validation of physiological model.  (a) Changes in arterial BP, CO, and TPR in 
response to hemorrhage (15ml/kg) and crystalloid bolus (20ml/kg).  T0: pre-hemorrhage.  T1: post-
hemorrhage.  T2: pre-resuscitation.  T3: post-resuscitation (0 min).  T4: post-resuscitation (60 min).  
T5: post-resuscitation (120 min).  Upper and lower panels show responses to fast and slow 
boluses.  Grey range indicates 25%-75% interquartile range of the experimental responses.  (b) 
Changes in arterial BP, HCT, and CO in response to hemorrhage titrated to 50 mmHg arterial BP 
and crystalloid bolus (60ml/kg).  T0: pre-hemorrhage.  T1: Hemorrhage.  T2: post-resuscitation (10 
min).  T3: post-resuscitation (120 min).  Grey range indicates mean+/-standard error (SE) of the 
experimental responses.  (c) Changes in arterial BP, fluid retention, and CO in response to (upper) 
crystalloid (20ml/kg) bolus and (lower) colloid bolus (10ml/kg).  T0: pre-bolus.  T1: post-bolus (20 
min).  T2: post-bolus (40 min).  T1: post-bolus (60 min).  Grey range indicates mean+/- SE of the 
experimental responses.  (d) Changes in arterial BP and CO in response to colloid-based volume 
expansion (VE).  T0: pre-VE.  T1: post-VE.  Grey range indicates mean+/-SE of the experimental 
responses.  (e) Changes in arterial BP, CO, and TPR in response to propofol administration.  T0: 
pre-induction.  T1: post-induction.  Grey range indicates mean+/-SE of the experimental 
responses. 

 

  



 

Fig. 4: Representative examples of reachable blood pressure (BP)-bispectral index (BIS) set point 
region in the steady state pertaining to (a) crystalloid-propofol treatments and (b) colloid-propofol 
treatments.  Hemorrhage volume: 0.75 L.  Therapeutic upper bounds: 1.5 L resuscitation volume 
and 0.25 mcg/kg/min propofol infusion dose (corresponding to BIS=30 in the post-hemorrhagic 
state). 

 

  



 

Fig. 5: Blood pressure (BP)-bispectral index (BIS) as well as cardiac output (CO)-total peripheral 
resistance (TPR) phase plots comparing the dynamic behavior of closed-loop controlled colloid-
based hemorrhage resuscitation and propofol sedation treatments commanded to track set points 
in the (a) reachable region, (b) region pertaining to colloid overload, and (c) region pertaining to 
propofol over-dosing. 



Fig. 6: Blood pressure (BP)-bispectral index (BIS) phase plots comparing the transient set point 
tracking behavior of closed-loop controlled colloid-based hemorrhage resuscitation and propofol 
sedation treatments in the absence vs. presence of information sharing between the two control 
loops.  (a) Hemorrhage resuscitation with vs. without BIS set point change information.  The initial 
set point is (80 mmHg, 70).  BIS set point is changed to 40 via a stepwise increase in the propofol 
infusion dose.  The maximum excursion in BP is 2 mmHg vs. 11 mmHg, and the excursion persists 
for 25 min.  (b) IV Propofol sedation with vs. without hemorrhage resuscitation set point change 
information.  The initial set point is (77 mmHg, 50).  BP set point is changed to 86 mmHg via a 
resuscitation bolus.  The maximum excursion in BIS is 1.5 vs. 7, and the excursion persists for 30 
min. 

 


