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Main question

Ionic models sometimes fail in their predictions - 
can we improve models by redesigning the model 
development process? 



Congenital LQT simulations

Mann, et al., JMCC 100:25–34 (2016) 

LQT1                     LQT2                     LQT3                     

all 3 models have comparable baseline APD (~270-300ms), but differing 
morphology, and very different responses to simulated LQTs

difficulty that each model has representing at least some LQTs raises 
concerns about abilities to predict drug-induced LQT and TdP
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generic models with 
limited ability to 

reproduce specific 
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Krogh-Madsen et al., J Physiol (2016) 



1. Use APs obtained during irregular pacing 
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one information-rich data + global optimization approach

Groenendaal, et al., PLoS Comp Bio 11:e1004242 (2015) 



2. How about incorporating voltage-clamp data? 
Can carefully designed voltage-clamp protocols inform model building? 
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3. Use genetic algorithm 









Fitting current and voltage clamp in vitro data 

Stochastic 
pacing

Voltage 
clamp
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Parameter estimation for individual myocytes



+/- 40%

another information-rich data + global 
optimization approach - dynamic clamp

Devenyi, Ortega, et al., J Physiol (2016) 



and another information-rich data + global optimization approach

Mann, et al., JMCC 100:25–34  (2016) 

“In-silico models of cardiac 
electrophysiology have the 
potential to be tremendously 
useful in complementing 
traditional preclinical drug 
testing studies. However, our 
results demonstrate they 
should be carefully validated 
and optimized to clinical data 
before they can be used for 
this purpose.” 
   



Mann, et al., JMCC 100:25–34  (2016) 

it works!
except, in the process, [Ca2+]i 

and [Na+]i becomes 
unphysiological, which is 

problematic given that both 
can affect arrhythmogenesis

LQT1                     
LQT2                     
LQT3                     



add optimization constraints on [Na]i and [Ca2+]i

Krogh-Madsen et al., Front Physiol (2017) 

• Baseline: published ORd 
• APDLQT: optimized to APD errors for LQTs 
• multi-var: optimized to APD errors, plus penalized solutions with 

[Na+]i and [Ca2+]i outside physiological values 



constraint solution: discard models with unphysiological [Na+]i and 
[Ca2+]i during global optimization
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model with more 
physiological constraints is 
better at separating TdP risk 

drugs

tested 86 IKr, ICaL, INa 
blockers as in 

Lancaster & Sobie 
(Clin. Pharm. Therap. 

2016) 

three low-risk drugs show APD 
prolongation in all models except 
the new multi-var optimized model

more flexibility in boundary line 
location

+TdP drug
-TdP drug

No drug
Decision boundary
Error < E*

Krogh-Madsen et al., Front Physiol (2017) 



IKs in GP ventricular myocytes
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When a wide variety of GKs/GKr ratios were tested (while
maintaining a constant baseline APD), a clear relationship
was seen between the balance of these two currents and
the amount of applied ICaL needed to produce an EAD
(Fig. 6D). An increase in GKs/GKr meant that the same ICaL

perturbations led to smaller changes in APD, and the AP
was able to withstand greater ICaL perturbation without
EADs. Therefore, IKs is much better than IKr at resisting
perturbations and preventing EADs.

40

A

B

C

D

Baseline

Chromanol

Original Model

V
m

 (m
V

)
V

m
 (m

V
)

V
m

 (m
V

)
∆A

P
D

90
 (%

 c
ha

ng
e)

Original Model

Adjusted Model

Adjusted Model

Experiment

Experiment

–40

–80

0

40

–40

–80

0

40

100 ms

–40

–80

0

40%

20%

10%

0%

30%

Figure 5. Experimental confirmation of greatly reduced IKs
predicted by model adjustments
A, in the original model, 80% reduction in GKs dramatically prolongs
APD. B, the adjusted model shows only a small (10%) prolongation
in APD with 80% reduction in GKs. C, in experimental measurements
(n = 4), 10 µM chromanol 293B (which should block IKs by
approximately 80%) caused minimal APD prolongation. D,
quantification of percentage change in APD with 10 µM chromanol
293B for each condition shows better agreement between adjusted
model and experiment.

Discussion

Closing the simulation-experiment loop facilitates
insight into APD and EADs

Interplay between mathematical models and experiments
has been an integral component of quantitative cardio-
myocyte physiology for decades. In the present study, we
cycled repeatedly between mathematical modelling and
experimental tests, refining and extending insights in each
iteration, which ultimately allowed us to both improve the
model and gain new insight into the determinants of APD
and mechanisms of pro-arrhythmic cellular behaviour
(EADs).

After an initial test of experimental predictions using
dynamic clamp (Figs. 1 and 2), we returned to the model,
using a GA to improve model agreement with our new
experimental data (Fig. 3). This led to the secondary
prediction about the reduced level of IKs compared to
the original model, which was experimentally validated
(Fig. 5), demonstrating the greater predictive power of
the new model. This allowed us to confidently make a new
round of predictions (Figs. 4 and 6), which led to the novel
insight into how interplay between different K+ currents
controls AP stability and the propensity of cells to develop
pro-arrhythmic behaviours. This insight would have been
more difficult to obtain with either a purely experimental
or a purely computational study.

Comprehensive quantification of how APD
is influenced by different currents

In the present study, we took a comprehensive approach
to both modelling and experimental work, aiming to gain
a more holistic understanding of AP dynamics. Our initial
sensitivity analysis (Fig. 1) quantified the contributions
of 13 ion channels, pumps and transporters to APD in
the guinea pig cardiomyocyte model. Experimental tests
(Fig. 2) then used dynamic clamp to study the effects of
changes in seven currents on APD within a single cell. This
gave us sufficient depth of cell-specific information to use
the GA to tune many parameters in the model at once to
better match our experimental results (Fig. 3). Therefore,
we were able to perform a closed-loop of model analysis,
testing and adjustment thoroughly at each step.

This comprehensive strategy also allowed us to compare
the impact on APD of 13 ionic currents between the
original and adjusted models. This comparison (Fig. 4C)
indicated that GCaL and GKs have the greatest impact on
APD in the original model, whereas GCaL and GKr have
the greatest impact in the adjusted model. The shift in
importance from IKs to IKr is not surprising giving the
corresponding alterations in current density (Fig. 3C). A
more interesting observation, however, was the greater
sensitivity of the adjusted model APD to a variety of

C⃝ 2016 The Authors. The Journal of Physiology C⃝ 2016 The Physiological Society



Banyasz et al. Pflugers Arch  2014.



• What is the ratio of the delayed rectifier currents in the guinea pig? 
• How does this ratio vary with ß-adrenergic stimulation?

• Use computational modeling to identify a voltage clamp protocol that 
allows for accurate parameterization of the formulations of IKs and IKr 

• Develop and perform in vitro experiment to gather current-specific 
information

Questions

Approach



IKs protocol testing



GA fit

Validation



conclusions and next steps
• rich data are needed in cardiac myocyte model 

optimization  

• optimization to such data can generate models 
with higher accuracy - including for predictions of 
drug-induced cardiotoxicity 

• extend +TdP / -TdP drug segmentation using        
- population-of-models approach                            
- tissue simulations  

• IKs/IKr protocols and levels 

• Add Ca transient measurements to optimization 
objective 

• Use cell-specific models to study cellular 
heterogeneity
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