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Abstract: This paper examines the control of abdominal perfusion during medical inter-
ventions. The goal is to avoid safety risks such as excessive retained fluid volume, tissue
damage/trauma, and intra-abdominal hypertension. The paper presents a perfusion system with
peristaltic pumps dictating fluid inflow/outflow rates, and uses model-based control to avoid
multiple safety risks simultaneously. Specifically, the paper: (i) introduces a discharge efficiency
metric reflecting the risk of tissue trauma and/or outflow cavitation; (ii) identifies a dynamic
model of discharge efficiency from animal test data; and, (iii) develops a safe perfusion control
algorithm based on this model. The algorithm receives three user inputs: a desired inflow rate, a
desired perfused volume, and a safety bound on discharge efficiency. The algorithm minimizes the
deviation of the commanded inflow/outflow rates from a nonlinear model reference controller,
subject to a barrier constraint on discharge efficiency. This furnishes a switching control structure
providing convergence to the desired perfusion settings in the absence of outflow occlusion, and
operating safely when outflow is occluded, as shown in simulation-based validation studies.
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1. INTRODUCTION %’jrf’"\
This paper introduces an algorithm for controlling peri- ‘;ﬁﬁ;%
toneal perfusion in a manner that avoids multiple poten- T i |
tial safety risks. Peritoneal perfusion is the circulation or PFC Canister h
dwelling of a fluid through a patient’s or lab animal’s i Test Animal
peritoneal (abdominal) cavity. This typically involves the Flowrate sensor | )
insertion of one or more cannulas into the abdominal Jxyecaator N N\ T ]
cavity to perfuse / drain fluid. This enables diffusion-based u [>tj 4 \ ; b
transport between the fluid and the blood vessels. ‘m‘ Pump A
Peritoneal perfusion is used for removing toxins from the
bloodstream during peritoneal dialysis, allowing the ab- Fig. 1. Animal Experiment Setup

domen to serve as a “third kidney”. Another application is
hyperthermic chemotherapy, where a chemotherapy drug  Yorkshire swine to date. This setup stores PFC in a can-
is circulated through the peritoneal cavity for a short ister equipped with a bubble oxygenator. Two reversible
period of time to treat abdominal cancer. Potential future  peristaltic pumps are used for PFC delivery to the animal
applications include the peritoneal perfusion of oxygen (Pump A) and PFC drainage (Pump B).
carriers, such as perfluorocarbons (PFCs). PFCs are clear, . . . .
dense liquids that have high oxygen and carbon dioxide Peritoneal perfusion comes with at least two safety risks.
s ; . The first risk arises when the intra-abdominal volume
solubilities, and have been examined as blood substitutes (IAV), i.c., th fusate vol tained in the abd
(Castro and Briceno (2010); Biro et al. (1987)). This paper | » 1.€., Lhe periusate volume retained m the abdomen,
is partly motivated by the potential of oxygenated PFC is too high. The effejctlveness of perlt.on.eal perfusion de-
perfusion to serve as a “third lung” by providing life pends on IAV, creating a need to optimize perfusate vol-
support for patients with ailments such as COVID-19 and W€ for each patient (Durand et al. (2000); Fischbach et al.

acute respiratory distress syndrome (Carr et al. (2006)). Si%ooizl)ihiogfevse;; }ElIg/ilPI)A VA?? K;Sglggseeigﬁgﬁfignz:ﬁ

Fig. 1 presents a schematic of a “third lung” setup de- cause intra-abdominal hypertension (IAH) (Kirkpatrick
veloped and utilized by the authors in 13 experiments on et al. (2013)). If IAH persists for a significant amount of
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time or if TAP exceeds 20mmH g, abdominal compartment
syndrome can occur. This is a life-threatening condition
that can cause organ failures in the cardiovascular, re-
nal, digestive, and respiratory systems (Kirkpatrick et al.
(2013); Blaser et al. (2015); Sugrue (2005)). The second
risk is associated with the suction pressure used for fluid
drainage. Suction devices are widely used in medicine to
remove/collect liquids, solids, and gases from the body
(Shannon and Goldsmith (2009)), with greater negative
pressures creating greater drainage flowrates (Rosen and
Hillard (1960)). However, excessive suction pressures have
the potential to cause cavitation, tissue trauma, and
serosal damage (Rosen and Hillard (1960)). Serosal dam-
age can, in turn, cause bleeding, anemia, and the formation
of scar tissue (Patricia Carroll (2010)).

The literature examines the dynamic relationship between
IAP and TAV in applications such as abdominal paracen-
tesis, laparoscopic pneumoperitoneum, and dialysis (e.g.,
Chiumello et al. (2007); Yoshino et al. (2012); Zaleski
et al. (2022)). The literature also presents various ways
to measure/monitor IAP (Kirkpatrick et al. (2013); Mal-
brain et al. (2016)), plus guidelines for manually per-
forming safe suctioning in different applications, such as
endotracheal suctioning, liposuction, and pneumothorax
treatment (Rosen and Hillard (1960); Brooks et al. (2001);
Glass and Grap (1995); Henry et al. (2003)). These guide-
lines commonly recommend using low suction pressure to
avoid bleeding and tissue damage. However, there are non-
trivial tradeoffs between different perfusion/safety objec-
tives. For instance, decreasing suction pressure can reduce
the risk of serosal damage, at the expense of curtailing
drainage and elevating the risk of excessive IAV /TAP. This
creates a need for a perfusion controller that simultane-
ously addresses multiple tracking/safety objectives.

This paper addresses the above need by adding three novel
contributions to the literature. First, the paper uses least
squares estimation with exponential forgetting (Section
3) to estimate perfusate “drainage efficiency” (i.e., the
ratio of the true drainage rate to the commanded rate).
Poor drainage efficiency is indicative of excessive suction,
tissue trauma/occlusion at the drainage catheter, serosal
damage, and/or fluid cavitation. Second, the paper uses
data from an animal experiment (described in Section 2) to
(i) validate the ability of the drainage efficiency estimator
to detect deliberate outflow occlusion and (4i) identify a
state-space model of drainage efficiency dynamics (Section
3). Finally, the paper presents a multivariable algorithm
that uses nonlinear model reference control to track the
desired perfusion flowrate and TAV, subject to a safety
barrier penalty for low drainage efficiencies (Section 4). A
simulation study shows that this controller provides expo-
nential convergence to the desired perfusion conditions in
the absence of outflow occlusion, and operates safely when
outflow is occluded (Sections 4-5).

2. PERFUSION EXPERIMENT

The paper’s modeling, estimation, and control efforts are
based on a flow occlusion experiment performed using
the setup in Fig. 1, and described below. An adult male
Yorkshire swine with an approximate mass of 45kg was
anesthetized, then its abdomen was intubated for perfu-
sion with an oxygenated cis-\trans- perfluorodecalin mix.

Three 12mm diameter venous cannulas terminating in
foam-covered diffusers were used for perfusion. One can-
nula supplied oxygenated PFC from Pump A to the an-
imal’s upper abdomen in the supine position. Two addi-
tional cannulas provided drainage from each lower quad-
rant of the abdomen. These cannulas were connected to
Pump B through a Y-junction. The setup oxygenated the
PFC and controlled its temperature, as described in an
earlier article by the authors (Doosthosseini et al. (2021)).
Additionally, a scale (or load cell) under the PFC canister
measured the amount of PFC left in the setup’s canister.
A PID controller enabled Pump A to accurately track the
desired flowrate of PFC into the animal, based on feedback
measurements of this flowrate from a fluid flow sensor.

The ultimate goal of this paper is to develop a perfusion
controller that tracks a user-specified perfusion flowrate
and TAV while avoiding unsafe (i.e., low) drainage efficien-
cies. This goal assumes that the perfusionist (i.e., setup
operator) selects the target IAV to provide a reasonable
tradeoff between perfusion effectiveness and safety. To-
wards this goal, the investigators conducted an experi-
ment where an initial volume of PFC was provided to a
laboratory animal and allowed to dwell prior to 1160 sec-
onds of PFC circulation. Two 60-second occlusion episodes
were induced during circulation by pinching one of the
drainage cannulas (at the 440-second mark), then pinching
both drainage cannulas simultaneously (at the 660-second
mark). The remainder of this paper uses the results of
this experiment to develop: (i) an occlusion detection
algorithm, (i7) a fluid drainage efficiency model, and (%)
a safe perfusion controller. Throughout this work, poor
drainage efficiency is employed as an occlusion metric.

3. DRAINAGE EFFICIENCY ESTIMATION AND
MODELING

Let drainage efficiency, 6, be the ratio of the true fluid
drainage flowrate, ug ¢rye(t), to the flowrate command sent
to Pump B, us(t). Stated mathematically, 6 = ug trye/u2.
Drainage efficiency can be computed directly if the true
drainage flowrate is measured. However, given the cost
of high-quality flowrate sensors, this paper examines the
problem of estimating drainage efficiency from load cell-
based estimates of the volume, z1 (¢), of fluid inside the per-
fusion canister. Towards this goal, note that the perfused
fluid is incompressible, and that it is supplied to the animal
using a peristaltic (i.e., positive displacement) pump -
namely, Pump A. Therefore, it is reasonable to assume
that Pump A accurately provides the desired fluid flowrate
into the animal, even in open-loop mode. In contrast, when
the outflow cannula is occluded, fluid cavitation typically
occurs upstream of the drainage pump (i.e., Pump B),
resulting in a discrepancy between the commanded and
actual drainage flowrates. Denoting the commanded Pump
A flowrate by wi(t) hence leads to the following state
equation for the volume of PFC in the setup’s canister:

1 = Oug —uq (1)

The first contribution of this paper is to develop an
estimator for fluid drainage efficiency, 6. The estimator
solves the following continuous-time least squares problem:

e /_w (#1(r) + wa(7) = Ouz(r))*e 7D ar - (2)
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where A = 0.02sec™! is a forgetting factor, reflecting
the assumption that changes in drainage efficiency take
place over durations larger than roughly 50 seconds. The
analytic solution to this regression problem is:

fioo ($1(7') + U](T)) U2(7-) ef)\(t,.,.) dT

f = -
J s u3(r) e dr

The above algorithm was implemented in Simulink with
an integration step size of 0.01 sec. This furnished a
drainage efficiency estimator, useful in its own right as
a tool for monitoring perfusion safety. Initial conditions of
19 L2sec™! and 20 L?sec™! were used for the estimator’s
numerator and denominator integrals, respectively, at ¢t =
0, corresponding to an assumed initial efficiency of 95 %.
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Fig. 2. Pump A & B flowrates, rate of change of PFC
volume in the canister, and drainage efficiency

Fig. 2 summarizes the results of this drainage efficiency
estimation effort. The top plot shows the rate of PFC
volume change in the setup’s canister over time, measured
using the load cell, in L/sec. The bottom plot presents
the estimated 6, or flowrate efficiency, during circulation.
Five distinct phases are visible in Fig. 2. First, between
roughly 0-250 seconds, PFC is circulated at roughly equal
inflow /outflow rates. The net volume of PFC in the can-
ister does not change significantly, and the estimated
drainage efficiency is high. Second, between roughly 250-
400 seconds, a larger command is given to Pump B versus
Pump A, corresponding to a desire to drain PFC from the
animal. The volume of PFC in the canister increases, but
drainage efficiency experiences a significant drop. Third,
between roughly 400-660 seconds, flowrate commands are
adjusted to drain the animal more gradually. The volume
of PFC in the canister continues to increase, but drainage
efficiency recovers slowly. Interestingly, the pinching of one
of the outflow cannulas at roughly 440 seconds does not
have a visible effect on the plots, which makes sense given
that only one of the outflow cannulas was pinched. Fourth,
at around 660- second mark, both outflow cannulas are
artificially occluded, resulting in a dramatic temporary

decline in drainage efficiency. Finally, after the 800— sec-
ond mark, flowrate commands are adjusted to drain the
animal aggressively. Fluid accumulates in the canister, but
drainage efficiency declines significantly.

The above results are very encouraging for two reasons.
First, they clearly show the success of the drainage effi-
ciency estimator in detecting complete occlusion of fluid
outflow around the 660- second mark. Second, it makes
intuitive sense for outflow occlusion to be more prevalent
during time periods when Pump B is operated more ag-
gressively than Pump A, for the purpose of providing net
fluid drainage. This is consistent with visual observations
during the experiment, where outflow cavitation occurred
more frequently during those periods. Motivated by this
success, the paper’s second contribution is to fit a simple
data-driven state-space model for drainage efficiency:

e’?2

- 1+ e?2

To = Uy + ol + a3T2 + g, 0 (4)
where 0 is related to a data-driven state variable, xs,
through a sigmoidal function that bounds 6 between 0 and
1. The dynamics of the occlusion-related state variable, xa,
are governed by a simple linear data-driven state equation
with unknown constant parameters ai, as, asz, and ay.
These parameters were obtained by fitting Eq. 4 to animal
test data using MATLARB’s particle swarm optimization
algorithm. The optimization objective was to minimize the
summation of the squared differences between the 6 curve
from Fig. 2 and the predicted 6 from Eq. 4. To minimize
the effect of any unmodeled dynamics (e.g., pinching of the
cannulas), only the last 300-second portion of the dataset
was used to fit the model.

1 : . : .
S0 ———Experimental Drainage Efficiency

08l ——Estimated Drainage Efficiency

o

©

= &
0.6
0.4t ; . ; . ; n ]

850 900 950 1000 1050 1100 1150 1200

time (sec)
Fig. 3. Drainage efficiencies from Fig. 2 and Eq. 4

Fig. 3 compares the experimental drainage efficiency from
Fig. 2 to the estimated efficiency from Eq. 4. Here, the
parameter estimates are a; = 0.5870, g = —1.6581,
as = —0.0248, and a4 = 0.0900. As shown in the graph,
the estimated efficiency follows the experimental results
fairly well. Moreover, the signs and relative values of the es-
timated parameters make intuitive sense. Specifically, the
fact that as < 0 furnishes a stable model. Furthermore, the
fact that ay > 0 implies that increasing commanded fluid
inflow has the potential to improve drainage efficiency by
pushing fluid through the abdomen. This makes intuitive
sense for two reasons. First, increasing the fluid inflow rate
has the potential to raise intra-abdominal pressure to pro-
mote drainage. Second, a larger PFC inflow rate can reduce
occlusion from the surface of the bowels by enabling the
dense PFC to push the bowels upwards towards the surface
of the ventral abdominal wall, away from the dorsally
located drainage cannulas. In contrast to ag, the fact that
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ag < 0 suggests that increasing Pump B flowrate can de-
crease the drainage efficiency. This agrees with the reports
from the literature and the observations from our animal
experiments: the greater the applied suction command,
the greater the risk of occlusion of the drainage catheter.
Finally, the values of a3 and a4 imply that when both
inputs are zero (i.e., no perfusion or drainage flowrate), 0
will be equal to 0.9743 in steady state. This means that
there would be almost no steady-state occlusion when both
pumps are turned off, which makes intuitive sense. As a
result, the full state-space model becomes:

.7'31 = 9“2 — Ui, .i'Q = (j1u1 + QU9 + Q3T + Qg (5)
Again, x; is the PFC volume in the canister, z2 is drainage
efficiency, and 6 = % This model serves as the plant
model for the design of the safety controller, as described

in the next section.

4. PERFUSION SAFETY CONTROLLER

To prevent occlusion while performing effective perfusion,
a controller must maintain the desired fluid volume in
the PFC canister, track the user-specified PFC flowrate,
and ensure that § = x5 stays above a user-specified safe
minimum value. To satisfy these objectives, this section
begins by constructing the following barrier function:

Jo(®2, Z2,min) = T2 — 2 min (6)
where 22 . is a safe lower bound on x3. The monotonic/
sigmoidal relationship between zs and drainage efficiency
implies that z2 min = In 9"‘7’:‘m for any desired minimum
drainage efficiency, 0,,;,. For perfusion safety, the barrier
function f, must always be positive. Moreover, it should
recover to a positive value if it starts from a negative initial
condition. This can be achieved by imposing the following
constraint on the barrier function’s time derivative:

dfe

—= > 7

g = hefe (7)
where the constant Ao dictates the rate of recovery of the
barrier function. Substituting Eq. 6 into Eq. 7 furnishes

the following constraint:
Zo > —Ao(Z2 — T2.min) = A2(Z2,min — T2) (8)
Next, substituting #o from Eq. 5 into Eq. 8 gives:

iUl + Qs + a3zTs + s > Ao (T2, min — 2)  (9)
The goal of this perfusion controller is to track a user-
specified perfusion flowrate, u1 4es, plus a user-specified
volume of PFC in the setup’s canister, i ges, subject
to the above safety constraint. Specifically, the controller
solves this optimization problem at every instant in time:

. 2
min (ug — Uy ges)”  sub. to:
uU,u2
a1 + aug + a3t + oy 2> Ao (T min — 22)
o (10)
. € A
F1= ———us —up = A\ (x —z
L= Tremte W 1(1,des — 1)

Tg = iUy + QaUs + Q3T + Q4

In the above problem, the objective is to minimize the dif-
ference between the user-specified ideal perfusion flowrate,
Ul,des, and the true Pump A flowrate, u;. Achieving the
ideal flowrate exactly is not always feasible, given the
potential need for ensuring safety through flowrate cur-
tailment. Optimization is performed subject to the safety

barrier function as an inequality constraint. This guaran-
tees perfusion safety in the sense that if drainage efficiency
is safe initially, it remains safe subsequently. Moreover,
optimization is performed subject to an equality constraint
on the time derivative of the volume of PFC in the setup’s
canister, 1. Here, A; (21 ,des — 1) is set to be the reference
model for &1. This equality constraint guarantees the expo-
nential convergence of this volume, x1, to its desired value,
Z1,des, at a rate governed by the design constant, A;. By
construction, therefore, this optimization problem ensures
exponential convergence to the desired volume of PFC in
the perfusion canister (or IAV), regardless of whether the
drainage efficiency safety constraint is active or inactive.

The solution to the above optimization problem is a
switching control policy. When the perfusion safety barrier
function is inactive, the controller follows a simple model
reference control policy, where u; = uj 4es and ug is
obtained by solving the following equality constraint:

er2
Tr1 = m’l@ — Ul,des = >\1($1,des - 371)
11
Al(ml,des - Il) + ul,des ( )
= U2 = er2
14e*2

In contrast, when the drainage efficiency safety barrier is
active, the control inputs are governed by:

-1 6 ur| _ Al(xl,des —1'1)
oy az| |u A2 (T2, min — T2) — a3T2 — Q4

To summarize, the basic idea behind the proposed con-
troller can be explained as follows. The controller assumes
that the PFC volume in the canister is measured. The
desired PFC volume, the desired Pump A flowrate, and
minimum safe drainage efficiency, 6, are commanded by
the user. At every instant in time, the controller assumes
that 11 = 1, qes, employs Eq. 11 to solve for ug, and checks
if the resulting unconstrained control policy satisfies the
safety barrier constraint in Eq. 9. If the safety barrier
constraint is satisfied, the unconstrained values of u; and
ug are implemented. But if the above values of u; and uso
violate the safety barrier constraint, then the controller

(12)
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Fig. 5. Safety Control Results - Scenario 1

uses Eq. 12 to compute the constrained values of u; and
u9, then commands these values to the peristaltic pumps.

To evaluate the performance of the controller, two sce-
narios with different initial  conditions are simulated for
500 seconds. The initial condition for PFC volume in the
canister is set to be 10 L, and the desired value of this
volume is chosen to be 6 L. This is equivalent to providing
4 L of PFC to the animal. The design constants, Ay and Ao,
are set to be 0.015 sec™! and 0.05 sec™!, respectively. The
value of A\; corresponds to a time constant of 66.7 seconds
for converging to the desired perfused fluid volume, and
the value of Ay corresponds to a time constant of 20
seconds for converging to safe perfusion conditions. The
desired Pump A flowrate is chosen as 0.05 L/sec, a typical
value used during animal perfusion experiments to date.
Lastly, the minimum safety 6 is set to 0.8, considering
that 6 dropped to 0.7 when one of the outflow tubes was
occluded in Fig. 2. The controller is simulated twice with
two different initial 6 values of 0.95 (little to no initial
occlusion) and 0.1 (a severe initial occlusion).

4.1 Scenario I - Low Initial Occlusion

In this scenario, the initial condition for drainage effi-
ciency is set to 0.95, with Fig. 4 and Fig. 5 showing
the associated simulated performance of the safety con-
troller. Fig. 4 shows the flowrates commanded to the two
peristaltic pumps versus time, highlighting the periods of
time when these flowrates coincide with unconstrained vs.
constrained control. Fig. 5 shows the volume of PFC in
the perfusion canister and drainage efficiency versus time.

Fig. 4 shows that the controller’s simulated perfor-
mance achieves all control design objectives. Initially, the
drainage efficiency is above its minimum value, mak-
ing both pumps implement the unconstrained optimal
flowrates. Specifically, Pump A implements the desired
perfusion flowrate exactly. Moreover, Pump B briefly im-
plements a negative flowrate: an interesting result that
is physically feasible and corresponds to the goal of de-
livering PFC to the animal faster. These flowrates cause
drainage efficiency to improve and the PFC volume in
the canister to decrease. However, after 25- second mark,
the drainage efficiency gradually decreases due to the
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growing Pump B flowrate. The pumps continue following
the unconstrained signals until the PFC volume in the
canister and the drainage efficiency become closer to their
desired/minimum values. At around the 180- second mark,
both pumps switch to the constrained optimal flowrates.
Yet, the implementation of a safety barrier constraint
ensures that drainage efficiency never drops below 80%.
Moreover, even as the controller switches from uncon-
strained to constrained operation, the volume of PFC in
the setup converges to its target value, as desired.

4.2 Scenario II - Severe Initial Occlusion

In this scenario, drainage efficiency is initialized to 0.1,
reflecting severe initial occlusion. Fig. 6 shows the pump
flowrates from this simulation. Initially, the two pumps
follow the unconstrained control signals. This reflects the
fact that, even though drainage efficiency starts below 0.8,
unconstrained control satisfies the safety barrier constraint
and brings this efficiency back above its safe minimum
value. Also, similar to the previous scenario, Pump B
starts at a negative initial flowrate which improves the
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drainage efficiency and achieves the desired PFC volume in
the canister rapidly. Over time, the volume of PFC in the
perfusion canister reaches its desired target exponentially,
as shown in Fig. 7. The associated increase in Pump B
flowrate causes drainage efficiency to decline, approaching
its minimum safe value. This triggers the pumps to switch
to the constrained control signals around the 180- second
mark. During the rest of the simulation, both the PFC
volume in the canister and the drainage efficiency stay
at the desired/safe values, highlighting the success of the
switching controller in performing safe perfusion.

5. DISCUSSION AND CONCLUSION

This paper makes three contributions to the literature.
The first contribution is an algorithm for estimating
drainage efficiency in peritoneal perfusion applications.
This algorithm is valuable in its own right as an online
perfusion safety monitoring tool, and is successful in de-
tecting the deliberate occlusion of perfusion outflow in
an animal experiment. The second contribution is a data-
driven model of drainage efficiency dynamics, parameter-
ized using animal test data. This model can serve as a
foundation for safe perfusion system modeling, design, and
control. The third contribution is a model-based perfu-
sion safety controller that simultaneously adjusts multiple
perfusion pump flowrates in pursuit of multiple perfusion
safety and tracking objectives. To the best of the authors’
knowledge, this controller represents the first application
of multivariable safety control to perfusion problems. The
controller’s performance is validated for two distinct simu-
lation scenarios, and meets the control design requirements
in both scenarios.

One interesting observation regarding the controller is
its tendency to improve drainage, or outflow, from the
abdomen by pushing fluid through the inflow line at
a larger volumetric flowrate, in addition to curtailing
the fluid outflow command. It is important to validate
this strategy and the underlying control policy against
more animal test data, and ultimately in the laboratory.
Moreover, the controller’s implementation can potentially
benefit from the online estimation of drainage efficiency
model parameters as part of an adaptive control structure.
Both of these topics represent potentially valuable future
research directions.
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