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Motivations

•Classifying human embryonic stem cell-derived cardiomyocytes (hESC-
CMs) is important in cardiac regenerative medicine to reduce the risk
of complications with stem cell therapy.

•Adult CMs can be classified based on the characteristic shape of their
action potentials (APs), but the understanding of how the shape of
hESC-CM APs relates to that of adult CMs remains limited [4].

•Prior approaches to hESC-CM APs classification either discard most of the information
contained in the APs or rely on distances that are computationally expensive [5].

•Our goal is to develop a classifier of hESC-CM APs applicable to large-scale datasets.

Fig. 1: APs from adult CMs Fig. 2: APs from hESC-CMs

Contributions
•We propose a new method for classifying hESC-CM APs based on recurrent neural

networks (RNNs) with long short term memory (LSTM) units.

•The learning approach exploits the abundance of labels for adult APs, which can be
obtained via simulation of electrophysiological models of the typical adult phenotypes.

•Our semi-supervised approach uses a novel loss function that combines a supervised
classification loss for adult APs and an unsupervised contrastive loss for hESC-CM APs.

Problem Formulation
• Set of unlabeled hESC-CM APs Ωe = {xej}

Ne

j=1: each xej is a time-series of length K.

• Set of labeled adult CM APs Ωa = {xai , yai }
Na

i=1: each xai is a time-series of length K
labeled as atrial (y = 0) or ventricular (y = 1).

•Problem: Assign a label ŷe to a new xe, where ŷe = 0 denotes atrial-like and ŷe = 1
denotes ventricular-like.

Classifier Architecture

•RNN with LSTM units as a classifier

– Hidden layer:

LSTM of dimension p = 3

– Output layer:

Sigmoid unit σ(z) = 1
1+e−z
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Fig. 3: Network architecture

Semi-Supervised Loss Function

The supervised part guides the LSTM to correctly predict labels of adult CMs, while the
unsupervised part guides the LSTM to predict the same label for similar embryonic CMs:
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•Binary crossentropy loss on adult CM APs
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•Contrastive unsupervised loss on hESC-CM APs
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– Metamorphosis distance
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where x(k, r) is the interpolation path between x(k, 0) = xej(k) and x(k,R) = xej′(k),
σM and σs are normalization parameters, v is the velocity of the interpolation path
and ‖·‖2

Vd
is a Sobolev norm.

Clustering Quality Index
•Davies-Bouldin Index (DBI) [1]. The DBI between two clusters Ω0 =

{
xej | ŷej < 0.5

}
and Ω1 =

{
xej | ŷej ≥ 0.5

}
is the ratio between intra-cluster dispersion and distance

between clusters

DBI (Ω0,Ω1) = S0+S1

M01
,

where Sy is the mean distance from elements of class y to the average signal of the same
class, and M01 is the distance between the average signals of both classes.

Experiments
•Dataset

– Adult CM APs: 300 synthetic adult APs generated using the O’hara-Rudy ventricular
model (ORd) [2] and the Nygren atrial model [3].

– hESC-CM APs: 6940 unlabeled hESC-CM APs obtained from 9 cell aggregates [4].

• Implementation Details

– Keras with TensorFlow backend, RMSProp optimizer, batches of 3 adult APs and 16
hESC-CM APs (90 batches validation, 10 batches training).

•Baselines

– 1NN E. 1-Nearest-Neighbor method with Euclidean distances [5]

– 1NN M. 1-Nearest-Neighbor method with metamorphosis distances [5]

– 1NN E SMRS. 1-Nearest-Neighbor method with Euclidean distances using 300 templates

•Results

Three cases studied:

– Sup-LSTM. Supervised learning λ = 0

– Semi-LSTM-E. Semi-supervised learning
λ = 0.1 with Euclidean distances

– Semi-LSTM-M. Semi-supervised learning
λ = 0.1 with metamorphosis distances
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Fig. 4: Accuracy* vs DBI. 1NN M as ground
truth (E: Euclidean, M: Metamorphosis).

Computational time for classifying a new sample:

– 1NN M. 6.74 sec/sample in 2 8-core computer nodes with 8 2.3GHz CPUs per node.

– Semi-LSTM. < 6 sec for the whole 6940 APs dataset in one 2.2 GHz CPU with 2 cores.

Fig. 5: 1NN with metamorphosis distances [5] (DBI: 0.2297)

Fig. 6: Supervised learning in adult domain LSTM λ = 0 (DBI: 0.2834)

Fig. 7: Semi-supervised learning Euclidean LSTM λ = 0.1 (DBI: 0.2458)

Fig. 8: Semi-supervised learning Metamorphosis LSTM λ = 0.1 (DBI: 0.2390)

Conclusions
•Experiments confirm the benefits of integrating information from both adult and embry-

onic cardiomyocytes in a semi-supervised learning scheme for hESC-CMs classification.

•The proposed semi-supervised approach uses the Euclidean metric more effectively than
previous methods, outperforming the 1NN scheme.

•Proposed semi-supervised approach gives results similar to the state-of-the-art (94.73%
of agreement) with clear computational advantages when applied to new samples.
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