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Abstract

Materials and Methods

• Physiological closed-loop controlled (PCLC) medical devices are
complex systems integrating one or more medical devices with a
patient's physiology through closed-loop control algorithms. PCLC
medical devices may introduce many failure modes and parameters that
impact performance.

Results and Discussion
Both models are structurally and practically identifiable:
 It was shown that subject to a rich perturbation applied to the system,
model parameters in both models are fully identifiable.
 A global sensitivity analysis (G) performed by simultaneously varying all
parameters through their entire identified range indicated that all the
parameters are significant and sensitive.

• Model parameters in both original and refined BV models are identified
by solving an optimization problem using data from 16 animal (sheep)
subjects:

• These control algorithms should be tested through safety and efficacy
trials to compare their performance to the standard of care.
• Mathematical models have been developed and used throughout the
development and evaluation phases of a PCLC device. Uncertainties
about the fidelity of these models need to be addressed before a reliable
PCLC evaluation is achieved.

Table 3. Predictive capability assessment for different prediction
scenarios. 𝑆𝑆 : interval score which rewards a forecast for narrower
prediction envelope and penalizes if prediction is outside of the envelope.
𝑃𝑃𝑃𝑃: Proportion of measurements within the prediction interval

Figure 2. Experimental protocol and fluid type information
Both models are transparent:
 Hex is made of larger molecules as compared with LR. Thus, the body
keeps the fluid longer in the intravascular space. This phenomenon was
indicated by smaller 𝛼𝛼𝑢𝑢 in the original model and larger A𝑢𝑢 in the refined
model, both under HEX administration. See Table 1.
 The original model dictates the reference blood volume (rBV) to update
only during fluid perturbation. However, rBV can change continuously over
time based on an individual's physiology. This phenomenon was only seen
in the refined model.

Eq. 1
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• To identify the best candidate model toward in silico evaluation of PCLC
devices, this research develops tools for properly assessing model
accuracy and establishes fundamental measures for evaluating
predictive capability performance across multiple models.

Eq. 3

Use a mathematical model

Eq. 4

Refined model has better predictive capability performance:
 Refined and original models showed comparable prediction
performance in the steady-state BV response scenario. See Table 3.
 Enhanced prediction performance of the refined model was the most
evident in the transient BV response scenario. See Table 3.
 The refined model led to a significantly larger proportion of
measurement within the prediction envelope for the leave-one-out
scenario. See Table 3.

Table 1. Calibrated parameters for the original and refined models across
Lactated Ringer’s (LR) and Hextend (HEX) fluid administration
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Figure 1. In silico evaluation of closed-loop algorithms
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(A) Blood volume model structure
eBV

• Prior studies have mostly quantified the accuracy of models by
comparing experimental data and responses computed by a
mathematical model calibrated (fitted) to those data. For a model to be
used for PCLC medical device assessment, however, inputs and
boundary conditions could be outside of the ones in calibration data.

Original model of blood volume (BV) response developed in our prior
research “Front. Physiol. 2016; 7: 390".
Refined model of BV response built by expanding the original model.
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 The refined model had significantly better performance as of the multidimensional measures. See Table 2.
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 Both models were similar in terms of Akaike information criterion (AIC).
Thus, better fitting performance in the refined model was not trivial.
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Table 2. Calibrated parameters for the original and refined models across
Lactated Ringer’s (LR) and Hextend (HEX) fluid administration

(B) Fluid shift mechanism sub-model
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Figure 5. A representative predictive capability assessment across the
original and refined mathematical models under three scenarios.
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(C) Desired steady state blood volume sub-model
Figure 3. Lumped parameter original and refined models of blood volume
response to fluid infusion and hemorrhage.
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• To address this, as a case study, this research examines the adequacy of
two lumped-parameter mathematical models of patient physiology
developed for evaluating PCLC fluid resuscitation devices:

 The refined model had significantly smaller root-mean-square error
(RMSE). See Table 2.
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• Per IEC 60601-1-10 standard for requirements for the development of
PCLCs, the responses of a PCLC shall be specified during normal use,
including worst-case patient transfer element and conditions. Thus,
mathematical models should be able to generate these worst-case
conditions.

• Thus, a mathematical model should be tested in terms of its predictive
capability against physiological states and conditions for which it has not
been calibrated, via numerical interpolation or extrapolation of the
model to specific conditions defined by its intended use.
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Refined model can serve as a better model in terms of calibration
performance:
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Figure 4. A representative fitting performance (left) and multi-dimensional
measure shown for 16 individuals in both original (middle) and refined
(right) mathematical models..

As a case study, we used two physiological models of BV response to fluid
perturbation; one developed in our prior work and another expanded from
the original model in this research. The models were compared in three
aspects of identifiability and interpretability, model calibration, and
predictive capability performance. We showed that between the two
candidate mathematical models, the refined model performed better, or at
least comparable, in all three aspects and thus, it could offer more
credibility toward PCLC medical device assessment.
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