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Bridging Organ- and Cellular-
Level Behavior in Ex Vivo
Experimental Platforms Using
Populations of Models of
Cardiac Electrophysiology

The inability to discern between pathology and physiological variability is a key issue in
cardiac electrophysiology since this prevents the use of minimally invasive acquisitions
to predict early pathological behavior. The goal of this work is to demonstrate how
experimentally calibrated populations of models (ePoM) may be employed to inform
which cellular-level pathologies are responsible for abnormalities observed in organ-
level acquisitions while accounting for intersubject variability; this will be done through
an exemplary computational and experimental approach. Unipolar epicardial electro-
grams (EGM) were acquired during an ex vivo porcine heart experiment. A population of
the Ten Tusscher 2006 model was calibrated to activation-recovery intervals (ARI),
measured from the electrograms, at three representative times. The distributions of the
parameters from the resulting calibrated populations were compared to reveal statisti-
cally significant pathological variations. Activation—recovery interval reduction was
observed in the experiments, and the comparison of the calibrated populations of models
suggested a reduced L-type calcium conductance and a high extra-cellular potassium
concentration as the most probable causes for the abnormal electrograms. This behavior
was consistent with a reduction in the cardiac output (CO) and was confirmed by other
experimental measurements. A proof of concept method to infer cellular pathologies by
means of organ-level acquisitions is presented, allowing for an earlier detection of
pathology than would be possible with current methods. This novel method that uses
mathematical models as a tool for formulating hypotheses regarding the cellular causes
of observed organ-level behaviors, while accounting for physiological variability has
been unexplored. [DOI: 10.1115/1.4040589]

1 Introduction

Ex vivo beating heart experiments allow a porcine heart to be
investigated under working conditions that are closer to those
found in vivo when compared to other ex vivo preparations, like
Langendorff [1]. Namely, the heart perfuses the coronary system
itself, the blood flows in the natural direction, the heart regains
sinus rhythm, and adjustable pre- and after-load containers mimic
the systemic and pulmonary circulations [2]. Consequently, these
experiments, like the PhysioHeart platform [1] (LifeTec Group,
Eindhoven, The Netherlands), have been used as a model to test
medical devices destined to treat heart failure [2,3]. Given their
resemblance to in vivo physiology, ex vivo beating heart plat-
forms have the potential to become benchmarks for early stage
drug trials (e.g., cardiotoxicity). However, there are still unknown
physiological processes that cause the hearts to fail during the
experiments; these usually end with an abrupt drop in cardiac out-
put (CO), an inability of the heart to perfuse its own coronary sys-
tem, and a loss of myocardial contractility. The time at which this
end point is reached is, at the moment, unpredictable because it
varies depending on the condition of the heart upon arrival to the
laboratory and on the experimental protocol. Understanding the
causes for the drop in cardiac performance is essential if these
platforms will be used for translational work. Consequently, novel
monitoring techniques are required to assess the physiology of the
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porcine hearts during the working mode; these novel monitoring
methods would enable the design of feedback protocols that
would delay the end point and enhance reproducibility and clini-
cal translatability. Additionally, understanding the causes for heart
failure during the experiments would also provide insight on the
onset and evolution of this disease.

The hypothesis explored in this work is that the analysis of indi-
vidual cell biomarkers, and in particular electrophysiological fea-
tures, could signal high risk of pathology at an early stage within
these experiments. Then, it would be possible to intervene in the
platform and solve the issue that would cause the heart to fail. The
main challenge is that, because of experimental limitations, beat-
ing heart platforms preclude the use of cellular explorations like
optocardiography [4] or monophasic action potential (AP) map-
ping, so less invasive acquisitions and surrogate measurements for
action potential features must be implemented. However, a limita-
tion of a surrogate approach is the need to establish whether the
observations are a signature of pathological behavior or a manifes-
tation of the normal physiological variation known as inter or
intrasubject variability. This paper addresses these limitations
with a combined experimental and computational approach.

The understanding of how cardiomyocytes behave has immensely
benefited from electrophysiology mathematical models, which
allow researchers to explore questions that would be impossible to
test on human subjects or in ex vivo experiments because of tech-
nological limitations. In silico approaches, such as the pseudo-ECG
[5] and the in silico ischemia [6] studies, have been employed to
simulate physiology and pathology in order to elucidate how cellu-
lar processes and behavior affect organ acquisitions. The inverse

NOVEMBER 2018, Vol. 1 / 041003-1

Copyright © 2018 by ASME



problem, however, is much more complicated since it is both
ill-posed and highly sensitive to intersubject variability [7]. An
additional complication is that models for cardiac electrophysiology
are based mainly on averaged responses which represent the
most common case; a consequential limitation is that, in their exist-
ing form, model predictions cannot discriminate pathological
behavior from normal physiological variability [8]. Notwithstand-
ing, “experimentally calibrated populations of models” (ePoM)
[9-12] is a promising recent development that includes the effects
of variability in the model parameters. However, statistical tools
are still needed to interpret the myriad of action potential trajecto-
ries contained within a population of models in order to ascertain
whether a particular biomarker is representative of a diseased state.

The main goal of this paper is to present a proof of concept for
a novel technique on the application of mathematical models,
through the statistical treatment of ePoMs, to elucidate the cellular
causes for pathological behaviors observed in organ-scale acquisi-
tions and to understand the role of variability in the detection of
pathology. The method is useful when analyzing experimental
data, because it produces cellular-level information that would be
impossible to acquire without compromising the clinical translat-
ability of the experiment. This proof of concept was applied, as an
exemplary case, to deduce the cellular origins to CO reduction
observed in a PhysioHeart experiment.

2 Materials and Methods

2.1 Experimental Acquisitions. The data reported in this
paper were acquired during one PhysioHeart LifeTec Group, (Eind-
hoven, The Netherlands) experiment where the porcine heart was
paced at 600 ms intervals. During the experiment, pressures, flows,
and blood samples were assessed as routinely done in PhysioHeart
experiments [1,2]. In the present study, it was hypothesized that an
analysis of the electrical activity of the heart could provide a better
understanding of the evolution of pathologies within the heart itself
when compared to the aforementioned acquisitions, in particular
through the application of populations of cardiac electrophysiology
models as a means to elucidate the cellular causes for the observed
pathological behavior. To test this hypothesis, left ventricular uni-
polar epicardial electrograms (EGM) were acquired by means of a
custom-made square grid of 121 electrodes. Recordings were made,
simultaneously, by all electrodes at three time points: 90 (time point
1, baseline), 120 (time point 2, midpoint), and 150 (time point 2,
end point) min into the start of the working mode.

The porcine heart reported in this paper was harvested from a
pig slaughtered for human consumption by personnel from the
abattoir. Immediately after the animal was slaughtered the heart
was harvested, after which the animal was closed again to con-
tinue the normal slaughterhouse process. The protocols for the
harvest were developed in accordance with EC regulation 1774/
2002, as supervised by the Dutch Ministry of Agriculture, Nature
and Food Quality, and approved by the Food and Consumer Prod-
uct Safety Authority. The harvesting of the heart was overseen by
a veterinarian from the Dutch Food and Consumer Safety Depart-
ment, thus ensuring that the animal was still suitable for human
consumption afterwards. The inclusion criteria for the pigs and
the full harvesting process were described in previous works [1].
Ethics approval for the study protocol was not required by the
authors’ institutional guidelines and national laws and regulations.

2.2 Population of Models. The Ten Tusscher and Panfilov
2006 model (TP06) for ventricular myocytes [13,14] is adopted
here to simulate the electrical behavior of the cardiac cells. In
short, each equation in the model emulates a mechanism through
which the cardiac myocyte absorbs or releases a given ion and the
parameter of each equation controls the expression of that mecha-
nism. For instance, the equation for Iy, has been designed to
reproduce the initial fast sodium intake that produces the fast
depolarization of the cell and the parameter Gy, regulates the
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maximum amplitude of /Iy,; consequently, an elevated Gy, will
produce a larger and faster initial upstroke in the action potential
and as Gy, approaches zero the initial depolarization phase will
disappear. A thorough description about the physiological mean-
ing of all the model’s equations and parameters can be consulted
in the original research paper [14]. The TP06 provides a mathe-
matical description of the main ionic currents that are involved in
AP genesis and has been thoroughly validated in the literature; for
this reason, the TPO6 model remains widely used for a variety of
novel applications [6,15,16] including population-based studies
[17]. A full discussion about the use, validity, and limitations of
the TPO6 for this study will be described later on.

The general contention in every study involving populations of
cardiac electrophysiology models is that action potential variabil-
ity is a consequence of changes in the magnitude of the ionic cur-
rents that produce the AP, as opposed to a change in their
underlying dynamics [8]. Therefore, a population of models
(PoM) was generated here by varying all the peak conductances
and maximal currents in the TPO6 model, these parameters are
listed in the literature [14]. The space of parameters available to
produce variations of the TPO6 model is generated by multiplying
the normal value of each parameter by N linearly spaced factors k;
(i € [1,N]), of between 0 and 2, given by

ki=i*2/N (1)

The use of these multiplying factors has previously been shown to
capture both reduction and over-expression of the model
parameters [12].

The parameter sampling space takes the form

kiGna  k1Gyo k1Gyoca
kaGrna  k2Gyo kaGpca ?)
knGna knGoo knGhrca

from which one model is generated by selecting a value from each
column and solving the TP06 equations with the selected parame-
ters. Models were obtained from the sampling space using Latin
hypercube sampling (LHS), a method that ensures that all the val-
ues from the parameter space are represented [18]. Consistent
with previous PoM studies [19], a total of N=15,000 samples
were selected to construct the population of models. Models were
solved with 600 ms cycle length and the PoM was the collection
of the steady-state responses of the models selected by LHS. Mod-
els that produced physiologically impossible responses were
excluded from the PoM by the following criteria: (1) action poten-
tial duration (APD90) ¢ [100,400] ms, (2) Vo <0, (3)
Viest > —64mV, (4) upstroke time exceeding 10 ms.

2.3 Calibration of the Population of Models. Activation—re-
covery intervals (ARI) were measured from the EGMs through
custom-made computer routines as suggested by Coronel et al.
[20]. Namely, the activation time was measured as the time instant
when the derivative of the EGM was minimal during the QRS
complex and the recovery time as the time instant when the deriv-
ative was maximal during the 7 wave. Then, the ARI was the time
difference between the activation and recovery moments. The
ARI measurement is exemplified, for a single beat, in Fig. 1.
Haws and Lux [21] and Potse et al. [22] have previously shown
that the ARI is an adequate surrogate measurement for action
potential duration at 90% repolarization (APD90). Hence, it can
be argued that a model from the PoM reproduces the physiology
of the myocytes observed in the experiment if its APD90 is simi-
lar to the ARI measured from the EGMs.

The process of finding all the models from the PoM that corre-
spond to a given ARI is called “experimental calibration,” and the
population that contains all these models is called ePoM. In this
study, the PoM was calibrated to each channel, at each time point,
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Membrane potential (V)
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Fig. 1 Example of ARI measurement. The image shows a typi-
cal beat (positive deflection), its derivative (negative deflection,
scaled for clarity), its activation time (vertical line on the left),
and recovery time (vertical line on the right).

by selecting all the models from the PoM that had APD90 in the
range UariFoary of that channel, at that time point. Here, pag;
was the mean value of the ARIs measured at a given channel and
time point, and ¢ g; their standard deviation. An example of the
calibration process can be observed in Fig. 2.

Then, each channel, at each time point, was represented by a col-
lection of models (an ePoM) that were, potentially, representative of
the behavior observed in the EGM. Each ePoM is characterized by
the statistical distribution of the parameters of the models contained
within it. The distribution of a given parameter from a “healthy”
ePoM and that of the same parameter from a “pathological” ePoM
were compared by means of a Mann—Whitney—Wilcoxon (MWW)
U-Test [23]. Then, if there was a statistically significant difference
(p < 0.001), the parameter responsible for the pathology was identi-
fied. ePoMs were only compared between those calibrated to the
same channel at different times of the experiment; this was to iden-
tify spatial differences.

The process described in this section may be summarized by the
flowchart presented in Fig. 3, where one can observe how the dif-
ferent methods previously explained come together in a single algo-
rithm for the analysis of experimental data through populations of
models. The diagram begins with the use of the TPO6 model to gen-
erate a PoM; the parameters to be used are selected from the space
of possible parameters using LHS. The resulting population is then
calibrated to ARI measured from experimentally acquired left-
ventricular EGM; this results in an ePoM per channel, per time

V(mV)

100 L L L L L s
0 100 200 300 400 500 600

Time(ms)

Fig. 2 Example of experimental calibration. The figure shows
the full population of TP06 models and, highlighted, the ePoM
corresponding to ARls in the range [220,250] ms.

point. The ePoMs calibrated at different time instants, on the same
channel, are compared using a MWW-U test.

3 Results

The mean CO was 3.8 L/min in average at the beginning of the
acquisitions (90 min into the start of the working mode) and
remained stable until the second time point (30 min later). Never-
theless, there was a noticeable decrease in CO, to 2.6 L/min, when
the third measurement was taken (30 min after the second mea-
surement), signaling the end point of the experiment.

Figure 4 shows the histograms of all the ARIs measured at each
time point on the whole grid. Figure 4(a) shows the ARIs clus-
tered around 260 ms and with less than 20ms (7%) deviation in
the first acquisition. Assuming that the activation is fast and
homogeneous, this is the expected physiological behavior. This
result, together with the CO at this time, supported the choice of
this time point as the healthy benchmark to which the subsequent
acquisitions were compared. In Fig. 4(b), one can observe ARIs
below 240 ms and in Fig. 4(c) ARIs with values as low as 100 ms
were recorded. It is this pathological reduction in ARI that was
investigated through the comparison of the ePoMs.

The main results of the statistical analysis are tabulated in
Table 1, which gives the number of channels that showed a statis-
tically significant difference, with respect to the baseline measure-
ment, for each of the parameters. The main highlight is that over
half of the channels showed a significant difference in the L-type
calcium conductance at time point 2, and this number increased
above two-thirds at time point 3.

Repeat N times

Vary parameters }—»

—>| LHS —>{Solve model |

(
Update space

PoM

MWW-U test

Repeat K times

Repeat C times

‘Acquire EGM }—»{ Measure ARI }—*ﬁ Calibrate PoM }—*{ePoMs?

Physioheart/
Platform

Fig. 3 Flowchart summarizing the proposed methodology. Here, N=15,000 samples to be taken using LHS, K=3 time
points at which the experimental acquisitions were made and C = 121 electrodes in the grid.
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1200 T T T T T T Table 1 Number of channels showing a statistically significant
difference, with respect to the baseline measurement, in the
parameters of their ePoM

1000 - 1
Parameter Comparing 1-2 Comparing 1-3

800 [ 1 Gna 0 0
Geo 0 1
Gks 6 11
600 | : Gir 11 14
Gy 0 0
PNaK 2 2
400 - 1 GeaL 61 85
kNaCa 0 0
GpCd 3 5
200 | 1 Gk 0 0
Gona 0 0
Goca 0 0
0 ‘ s s ‘ s . . .
100 120 140 160 180 200 220 240 260 280 300

(a) ARI (ms) ) . .

800 : i i : i : i a generalized blockage in calcium uptake through L-type channels
and elevated, but unchanging, potassium conductances as the

700 - most likely causes for the reduction in ARIL

Finally, the analyses from the blood samples, taken one at each

600 | time point, revealed increasing calcium and sodium concentra-
tions as the experiment progressed and a high, but constant, potas-

500 - sium concentration throughout the working mode.

400 4 Discussion

| 4.1 Suitability of the TP06 for This Study. It is important to

300 L .
highlight that this paper focuses on the development of a proof of

2001 concept and novel methodological approach to underpin cellular
behaviors that are responsible for observations made in organ-
level acquisitions. Although TPO6 is a model for human ventricu-

1001 lar myocytes, it is our contention that in this light, its use to model

. . ‘ . ‘ the electrical activity of swine myocytes is appropriate. Various
0100 120 140 160 180 200 220 240 260 280 300 studies have shown that pigs have heart rates, hemodynamics,

(b) ARI (ms) electrocardiographic and electrophysiological parameters that are

450 comparable, and closer than any nonprimate animal, to humans
[24-26]. The interspecies differences in ion current magnitudes

400 were accounted for in the generation of the PoM; this is because a
change in a peak current or maximal conductance parameter will

350 produce an equivalent change in the current magnitude. It is also
noteworthy that each model in the PoM was generated using a

300 unique set of parameters that models a physiological or pathologi-
cal state (e.g., a low conductance value simulates a conduction

20 block). LHS guarantees that all the parameters are fully repre-

200 sented and, consequently, the PoM comprises of all possible phys-
iological and pathological behaviors of the cellular membrane

150 within the range of variation presented before.

100 4.2 Activation—Recovery Intervals Is a Predictive Bio-
marker. It was clearly evident that the CO was not capable of

50 predicting the onset of pathology during this experiment. This
0 follows from the abruptness observed in the drop of the CO. The
100 120 140 160 180 200 220 240 260 280 300 pOI’CiHC heart was able to maintain a stable output of around

(c) ARI (ms) 3.8 L/min for over 2h of experiment, which suddenly ended with

Fig. 4 Histograms showing the distribution of ARIs at the
three time points of the experiment: (a) time point 1, (b) time
point 2, and (c¢) time point 3

Figure 5 shows the boxplots of the parameter distributions of
the three ePoMs, one for each time point, for a representative
channel. It shows that the median value of G, decreased dra-
matically as the experiment progressed in time. Also, the main
repolarizing potassium-related conductances (i.e., Ggs, Gk, and
Gy1) were above their standard value from the beginning of the
experiment. Given the above, the statistical analysis points toward

041003-4 / Vol. 1, NOVEMBER 2018

a decrease in performance; this phenomenon has been observed in
previous PhysioHeart experiments. It should be noted that the
reduction in cardiac output, observed at the third time point,
would have produced ischemia due to poor coronary perfusion,
and together with hyperkalemia it can explain the abrupt ARI
shortening observed in Fig. 4(c); but this is only evident at the end
of the experiment and it has little predictive value. On the other
hand, a strong indication that the condition of the membrane is
degrading may be observed in the decreased mode and increased
dispersion in the values of the ARIs measured at the second time
point, presented in Fig. 4(b); this is important because at this point
the CO was still considered normal, so the ARIs can serve as pre-
dictive markers of an eventual decrease in cardiac output.

Transactions of the ASME
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Fig. 5 Experimentally calibrated populations of models parameter distributions for a representative channel (channel 6) at
the three time points. Horizontal dashed lines are the standard values of the parameters from the original TP06 model [14].

Gy are in nS/pF and P,,5x and k,aca are in pA/pF.

4.3 Population of Models Analysis. Previous studies have
shown that APD90 shortening can be a consequence of impaired
calcium, potassium, or sodium uptake and release [27]; since the
measurement of ion transients is difficult, requiring specialized
equipment, a mathematical modeling approach, exemplified by
the one implemented here, seems to provide an excellent tool to
explore cause—effect relationships and to help elucidating these
dynamics, avoiding the need to modify the experimental setup.
The results indicate that half of the monitored sites in the mem-
brane were, at time point 2, being affected by a reduction in cal-
cium uptake via L-type channels. This behavior then spread to
more sites of the membrane and was accentuated, as can be
observed from the results shown for time point 3, and was accom-
panied by a dramatic reduction in CO. These results appear con-
sistent with those of previous simulations by others [12,27,28],
showing that a blockage to L-type calcium current causes APD 90
shortening. Additionally, the L-type channels are one of the main
paths by which myocytes obtain calcium, which is needed to acti-
vate contraction; hence, an increase in L-type calcium channel
resistance could lead to reduction in contractility, which was
observed in the experiment. Furthermore, a reduction in L-type
calcium conductance would mean that the cells are absorbing less
calcium from the environment than in the healthy condition, but
the calcium release channels remained unaffected; this would
have caused an increase in extracellular calcium; indeed, the
experimental measurements showed an increase in ionized cal-
cium concentration in blood.

The ePoM analysis is also sensitive to the constant, although
high, potassium concentration in blood, which was around 1.5
times the lower control level (i.e., 5.4 mmol/L). The formulation
for the rapid delayed rectifier potassium current, in the TP06
model, is

Journal of Engineering and Science
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1K,
IKr - GKr 5_4xrlxr2(v - EK) (3)

where one can observe that Ik, is directly proportional to the
square root of the external potassium concentration [13]. The
observed increase in extra-cellular potassium would affect Iy,
equivalently to multiplying the standard value of Gy, by 1.22.
Indeed, the median value of Gy, in the ePoM analysis was, as
shown in Fig. 5, 1.3 times its standard value. Then, one can poten-
tially conclude that most of the variation in Gy, can be accounted
for by the elevated extracellular potassium concentration, an
equivalent analysis can be made for /x; and k. Since the three
currents were equally affected, the results observed in Fig. 5 are
an indication of elevated extracellular potassium concentration.

4.4 Intrasubject Variability in Experimental Acquisitions.
Observe that the boxplots presented in Fig. 5 show that there was
an overlap in the values of the ePoM conductances at all times of
the experiment; this implies that healthy ion channels can be pres-
ent at the end point, as well as fully blocked channels during the
working mode. This is a typical case of intrasubject variability; a
thorough analysis was needed to understand what were the under-
lying causes of the observed reduction in ARIs. The use of ePoM
and their subsequent statistical treatment, explained in this paper,
gave the means to distinguish the underlying pathological process
(i.e., reduced G, and high extracellular potassium) that was pro-
ducing the observed reduction in ARI. This predictive effect can
be regarded as a consequence of the calibration process, exempli-
fied in Fig. 2, during which many AP morphologies can be fitted
to a relatively small range of ARIs; then, the statistical analysis of
the ePoMs will only signal a pathological behavior when the

NOVEMBER 2018, Vol. 1 / 041003-5



majority of the fitted models contain a value for a conductance
that significantly deviates from what is considered healthy.

The method presented in this paper was capable of distinguish-
ing pathology, at an early stage, in an environment where inter
and intrasubject variability may have otherwise confused an
expert eye. Also, the experimental acquisitions support the ePoM
analysis, with the caveat that myocyte contractility and blood
samples can only be analyzed after the experiment is over,
whereas this ePoM methodology can be applied as soon as the
acquisitions are made. Then, the observation of the ARIs provides
a means to predict the reduction in cardiac output, and their analy-
sis, through ePoM, is a powerful tool to understand the causes of
this reduction during the experiment. This is a significant
improvement compared to the methods currently used to monitor
these ex vivo experiments [1-3].

4.5 Versatility of the Experimentally Calibrated Popula-
tions of Models Analysis. The flowchart presented in Fig. 3 also
serves to show the modularity of the proposed method. Its differ-
ent components may be replaced to suit any particular study. For
instance, if a particular experiment can perform optical mapping,
then the calibration process can be made using several bio-
markers, as opposed to a single surrogate, but the process of gen-
erating the population remains unchanged. On the other hand, if
recent developments produce a more advanced mathematical
model, then the PoM can be generated again, but without having
to modify the routines that calibrate it to the experimental data.
This versatility is a major advantage of the methodology pre-
sented in this work.

The use of this method in the analysis of ex vivo experiments
could provide the means to enhance our understanding of the cel-
lular causes for chronic cardiac pathologies, like heart failure.
Furthermore, this understanding would also provide the tools
required to design more effective, patient-specific therapies that
target the cellular causes for pathology within individual patients.
The use of the method presented in this work to expand limited
experimental data is an advancement in the design of minimally
invasive diagnostic techniques for the assessment of cardiac
pathology.

4.6 Limitations. The method presented in this paper as a
proof of concept has yielded promising results and it demonstrates
a strong approach to the analysis of limited experimental data; it
can reach relevant conclusions and minimize the need of compu-
tational resources. Nevertheless, there are a number of limitations
associated with this approach.

Differences in ion concentrations observed at different times of
the experiment were not included when generating the poPulation
of models and the vast parameter sampling space (15,000 possi-
bilities) was not entirely simulated. However, in order to do this, a
population of models with each of the particular ion concentration
combinations and containing all of the parameter combinations
(that is 3 x 15,000'? models) should have been generated, which
would have rendered this methodology computationally intracta-
ble. Nevertheless, the variability captured in the PoM is able to
account for the changes in ion concentrations without having to
generate three sets of populations of models, and Latin hypercube
sampling was used since it was designed to capture variability,
optimally, in such a large sampling space [18]. Generating and
calibrating the PoM as explained in this paper dramatically
reduces the number of simulations needed; this approach is sup-
ported by various, successful, studies involving populations of
cardiac electrophysiology models [12,17,19].

Also, only ARIs were used to assess the electrophysiological
state of the heart. While it would have been far more desirable to
do optical mapping or transmembrane potential measurements,
the technical difficulties of these acquisitions make them incom-
patible with an implementation in the PhysioHeart platform and
impossible to use in patients. On the other hand, epicardial

041003-6 / Vol. 1, NOVEMBER 2018

electrograms can be measured without compromising the experi-
ment and noninvasively in patients, using ECGi [29], which
makes ARI an appropriate substitute biomarker. The main chal-
lenge in using this single surrogate measurement is that different
AP morphologies can result in the same APDO90. Intersubject vari-
ability is responsible for this, which is why only statistically sig-
nificant differences are regarded as real changes in cellular
behavior.

5 Conclusions

This paper has presented a novel methodology, based on the
statistical analysis of experimentally calibrated populations of
models, that can be used to understand the cellular causes for
pathological behavior observed in organ-level acquisitions. Not-
withstanding its limitations, this proof-of-concept method proved
to be a powerful tool to investigate cellular behaviors from organ-
level acquisitions. The chief advantage of this ePoM approach is,
arguably, the ability to detect pathological behavior while still
accounting for inter and intrasubject variability. Another advant-
age of the proposed method is that it can be seamlessly adapted to
the available acquisitions; the population of models only needs to
be constructed once and can be calibrated to any, or several, surro-
gate measurements of action potential biomarkers. This methodol-
ogy was used to identify the pathological ion dynamics that might
have led to the reduced performance of a porcine heart during a
PhysioHeart experiment and these were identified before there
was an evident reduction in cardiac output; these findings were
confirmed by blood samples and contractility analyses made dur-
ing the same experiment. The use of this statistical approach gave
the means to understand the pathological variations that produced
reduced cardiac performance during the experiment and it could
be used as support in future studies involving drug action. Apply-
ing this combined computational and experimental methodology
could be an important step forward in the noninvasive assessment
of cardiac diseases and in the design of patient-specific therapies
to stop the evolution of chronic cardiac maladies.
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