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Abstract
Deep generative models can learn the underlying structure, such as pathways or gene programs, from omics data. We 
provide an introduction as well as an overview of such techniques, specifically illustrating their use with single-cell gene 
expression data. For example, the low dimensional latent representations offered by various approaches, such as variational 
auto-encoders, are useful to get a better understanding of the relations between observed gene expressions and experimental 
factors or phenotypes. Furthermore, by providing a generative model for the latent and observed variables, deep generative 
models can generate synthetic observations, which allow us to assess the uncertainty in the learned representations. While 
deep generative models are useful to learn the structure of high-dimensional omics data by efficiently capturing non-linear 
dependencies between genes, they are sometimes difficult to interpret due to their neural network building blocks. More 
precisely, to understand the relationship between learned latent variables and observed variables, e.g., gene transcript 
abundances and external phenotypes, is difficult. Therefore, we also illustrate current approaches that allow us to infer the 
relationship between learned latent variables and observed variables as well as external phenotypes. Thereby, we render 
deep learning approaches more interpretable. In an application with single-cell gene expression data, we demonstrate the 
utility of the discussed methods.
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Introduction

Omics data allow to characterize individuals genetically 
and phenotypically in high resolution. Since almost two 
decades, high-resolution genetic data is now employed in 
genome-wide association studies (Bush and Moore 2012) 
to examine associations of single nucleotide polymorphisms 
(SNPs) with phenotypes. In recent studies, investigations 
have expanded to include high-dimensional phenotypes, 
e.g., gene expression in expression quantitative loci (eQTL) 
studies (Gilad et al. 2008) or metabolites (Suhre et al. 2011). 
These high-resolution data offer a fundamentally better 
understanding of the heritability of traits or causal factors 

for disease susceptibility. However, an interpretation of the 
results derived from this sheer mass of data is challenging. 
The lack of established methods for the interpretable analy-
sis of such data is one reason. Routinely, pairwise associa-
tions between individual SNPs and the high dimensional 
phenotypes such as gene expression are inferred. This con-
fronts the researchers with potentially millions of statistics 
that ignore the interdependency of the genotypical and phe-
notypical variables.

However, it is reasonable to assume a high amount of 
redundancy in the genotype and phenotype data. Therefore, 
a small number of variables can capture the essential varia-
tion in the data. If we assume a linear relation between the 
observed variables and the variables of a dimension-reduced 
latent representation, principal component analysis (PCA) 
can be used for dimension reduction. However, if non-linear 
relations should be allowed, deep generative models (DGMs), 
such as variational autoencoders (VAEs) (Kingma and Well-
ing 2013), deep Boltzmann machines (DBMs) (Salakhutdinov 
and Hinton 2009), or generative adversarial networks (GANs) 
(Goodfellow et al. 2014), provide a potential solution. In the 
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following, we provide an overview of such techniques. As 
deep learning approaches have been criticised for being hard 
to interpret, we also introduce approaches for interpretability. 
In an exemplary application for single-cell gene expression 
data, we want to illustrate how such techniques can be useful 
to more generally stimulate use for omics data.

A probabilistic, parameterized model allows for better 
generalizations and better flexibility. In fact, deep genera-
tive models have been successfully applied in a number of 
scenarios. For example, Xu et al. (2021) integrated gene 
expression profiles from single cells of different experimen-
tal origins. Here, DGMs were employed to give a continu-
ous indicator of how likely an inferred label was, given the 
omics information. Similarly, Kim et al. (2020) proposed to 
employ DGMs for improved predictions based on omics data 
by integrating different data sources.

Deep generative models can also be employed as an 
extension to shallow latent variable models, which have 
been proposed to account for gene expression heterogeneity 
related to nuisance factors (Yang et al. 2013; Stegle et al. 
2010). Specifically, in Lopez et al. (2018), DGMs were 
employed to extract sources of technical variation from the 
data.

In addition to gene expression data, DGMs have also been 
successfully applied to high-dimensional SNP data. Mon-
taez et al. (2018) employed deep learning approaches for 
performing the joint analysis of multiple SNP loci, thereby 
allowing the researcher to study multigenic diseases. Ries-
selman et al. (2018) used generative models for predicting 
the effects of nucleotide changes on the DNA level. A com-
prehensive overview of deep learning for SNP data can be 
found in Azodi et al. (2020).

In the following, we first briefly describe building blocks 
such as artificial neural networks, autoencoders, and cor-
responding model-fitting approaches. Secondly, we provide 
an overview of popular deep generative approaches. We then 
discuss adaptations to omics data, specifically single-cell 
RNA-sequencing (scRNA-seq) data. Afterwards, we discuss 
current approaches for rendering DGMs interpretable. This 
involves methods for identifying components of the latent 
space that relate to specific external phenotype data, as well 
as methods for inferring the observed variables that relate 
to the latent variables. We also provide exemplary applica-
tions for two interpretable DGMs. These applications can be 
recapitulated in supplementary Jupyter notebooks.

Building blocks for dimension reduction 
by deep neural networks

In all dimension reduction techniques, from principal com-
ponents analysis (PCA) to deep neural networks, we assume 
that the measured variables, e.g., the gene expression profiles 

of cells of a group of patients, do not optimally capture the 
underlying structure in the data because much of the under-
lying information is hidden by noise and redundancy. For 
high dimensional omics data, this means that the similar-
ity of observations, e.g., patients, can be sufficiently well 
described by a small number of latent variables learned from 
a dimension reduction approach. PCA, for instance, trans-
forms the original coordinate system defined by the observed 
variables into a new one. In the case of multivariate nor-
mally distributed data, the new axes, namely, the principal 
components (PCs), are all orthogonal to each other and are 
sorted according to the variance they explain. Using only the 
PCs that explain the highest amount of variance then allows 
for studying the structure in the data in a low dimensional 
space (Fig. 1c). Similar approaches such as nonnegative 
matrix factorization (NMF) (Lee et al. 1999) use different 
objective functions. Nevertheless, they have in common with 
PCA that they only capture linear relationships. Non-linear 
variants of PCA have been proposed but usually fail in real-
world applications (Van Der et al. 2009).

Artificial neural networks

We consider an example for a non-linear relationship, e.g., 
of gene expression levels (Fig. 2a). Specifically, expres-
sion data for three genes ( G

1
 to G

3
 ) which are involved in a 

regulatory circuit are available. We now want to model the 
pathway activity which is not directly observed and is to 
be estimated from the gene expression data. The biochemi-
cal function of G

1
 and G

3
 depends on G

2
 . For example, G

2
 

might be a co-factor and G
1
 and G

3
 might be transcription 

factors. If we would model the pathway activity with a 
linear technique such as PCA, and want to model the path-
way activity with a single variable, we could only infer 
the linear combination of the gene expression levels of 
G

1
 to G

3
 . In this example, we are unable to discriminate 

between an activated and non-activated regulatory com-
ponent, since the values of the latent variables are more 
or less equal. A dimension reduction technique which can 
model the above-described non-linear pattern, however, 
could infer a single latent variable which indicates if G

2
 is 

expressed. The value observed for the latent variable could 
then represent the expression level of G

1
 and G

3
 under the 

condition that G
2
 is expressed. Deep neural networks are 

able to learn such a pattern since they are able to approxi-
mate any complex function through an ensemble of latent 
variables, namely, neurons, which are arranged in layers 
(Hornik et al. 1989) (Figs. 2b and 3). Connections between 
neurons of the same layer are usually absent. The under-
lying principle of learning non-linear relationships with 
neural networks is that individual neurons are activated 
when a weighted sum of the states of connected neurons 
reaches a given threshold. The strength with which two 
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neurons are connected to each other is termed ”weight” 
and is a dimensionless value. To make training feasible, 
no hard threshold is explicitly employed. Instead, a non-
linear activation function is used, which transforms the 
weighted sum into a non-linear response. In case of the 
sigmoid function, which was frequently employed in the 
early implementations of neural networks, the input is 
transformed into a range of 0–1 (Fig. 2b). The weighted 
sum then defines the sensitivity with which the output of 
a neuron responds to the input. The higher the input, the 
more the output resembles a binary step function (com-
pare outputs 1 and 2 in Fig. 2b). Today, rectified linear 

units (ReLU) are frequently employed. In contrast to the 
sigmoid function, their output is not bounded, while oth-
erwise the same principles apply.

Autoencoder (AE)

An AE is a neural network that learns a low dimensional 
representation from the training data in an unsupervised way 
(for a popular application, see Hinton and Salakhutdinov 
(2006)). The AE contains a number of layers of latent varia-
bles (neurons) (Fig. 3). The dimension reduction is achieved 
by reducing the number of latent variables in an intermediate 

Fig. 1   Dimension reduction and structure of omics data. Dimension 
reduction aims at extracting a low-dimensional representation from 
high-dimensional data. a Observations of single-cell RNA-sequenc-
ing (scRNA-seq) count data. Twenty variables (columns) are studied 
in about 200 observations (rows). Hierarchical clustering of log-trans-
formed counts reveals a crude discrimination between two groups of 
cells (blue and red labels). Still, an interpretation of how genes con-
tribute to the clusters seems difficult. b In scRNA-Seq data, genes are 
often bimodally expressed. Expression is very low or absent in a large 
number of cells, while higher levels corresponding to an active state 
are observed in a smaller proportion. Density estimates are shown for 
the 20 genes presented in (a). c Principal components analysis (PCA) 
is usually applied for extracting an interpretable representation from 

omics data. In the graphic depicted above, the two PCs which cap-
ture the highest proportion of variation are shown. Each dot corre-
sponds to the values of PC1 and PC2 for a single cell. Since PCA 
is, to a large extent, equivalent to a linear factor model, the contri-
bution of the observed variables (genes) to the PCs can be straight-
forward extracted (arrows). Shown are six exemplary genes. Each 
arrow corresponds to a gene and the direction of the arrow indicates 
how the genes are related to the PCs. Specifically, an arrow indicates 
how a single cell would move in the two-dimensional PC space if the 
expression of the corresponding gene would change. The length of 
the arrows indicates how sensitive the movement is with respect to 
the change in gene expression levels
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layer. This layer is also frequently referred to as the bottle-
neck layer (Fig. 3). The multiple layers of latent variables 
with non-linear activation functions in the AE allow to learn 
interactions of the input variables. For example, one neuron 
in the bottleneck layer could represent the non-linear pattern 
shown in Fig. 2a. An AE is trained in an unsupervised man-
ner. Specifically, training examples, i.e., gene expressions 
of a single cell, are fed into the input layer of the AE. By 
multiplication with the weights, which indicate the strength 
with which two neurons are connected, the values for all 
latent variables and the variables in the output layer are sub-
sequently calculated (Fig. 3). The objective function of an 
AE is then to minimize the reconstruction error for the train-
ing data. This is achieved by comparing the reconstruction 
of the input x′ with the original input x (Fig. 3). Since the 
number of parameters in an AE is usually much larger than 
the number of observations, the AE is prone to overfitting. 
To avoid overfitting, regularization can be employed with 

different approaches, one popular of them being the dropout 
technique (Srivastava et al. 2014). During training, a random 
selection of neurons is ignored from the fitting process. This 
introduces noise during the fitting process, which makes the 
training more robust. The approach has some conceptual 
similarities with random forests (Breiman 2001) which avoid 
overfitting of partition trees by considering only a random 
selection of variables at each partition. A technique, similar 
to the dropout technique is employed in denoising AEs. In 
contrast to dropout, no latent neurons are removed during the 
fitting process, but input nodes are set to zero. This results 
in an AE, which learns to reconstruct potentially missing 
observations (Vincent et al. 2008).

Fitting deep neural networks

Fitting a deep neural network to data is generally more 
complex compared to shallow approaches such as linear 

Fig. 2   Capturing non-linearity with deep neural networks. a  Exam-
ple of a of non-linear relationship of gene products. Three genes 
are involved in a regulatory circuit. G

1
 and G

3
 are only functional if 

G
2
 is expressed. In this graphic, two examples for latent variables 

which are / are not able to capture the non-linear dependency are 
shown. Color intensity of genes indicates transcript abundance as e.g. 
measured by scRNA-seq. Color intensity of latent variables repre-
sents dimensionless values. Arrows indicate the post-transcriptional 
dependency. b Deep neural networks can capture non-linearities by 
non-linear activation functions. In this example, the output of two 
neurons conditional on their input is shown. The weights (arrows) 

connecting neuron 2 with its input neurons are larger than those for 
neuron 1. This means that neuron 2 responds much more sensitively 
to activations of input neurons. Specifically, neuron 2 closely resem-
bles a step function that is active if some level in the input neurons is 
reached. In contrast, neuron 1 responds more linearly to its input. In 
a simplified example, neuron 2 might be active when some genes in 
a pathway are expressed beyond a given expression level. This gene 
expression pattern might be frequently observed in the training data, 
which led to the learning of the respective high weights. Note that the 
input of the two neurons is shown normalized
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regression models. The reason is that not only the weights 
of observed variables have to be estimated, e.g., to predict 
the value of a response variable. In addition, we have to infer 
the states of the latent variables in the hidden layers. Let us 
consider the training of an AE as an example. Our goal is to 
minimize the reconstruction error, the loss, which is calcu-
lated from the input and output layers of the AE. In order to 
derive an AE whose reconstructions are similar to the input, 
resulting in a low loss, we have to get meaningful values for 
the weights that connect the neurons in the different lay-
ers. Specifically, we need information about how sensitive 
the reconstruction error is to a change in the weights that 
connect input, hidden as well as output neurons. This infor-
mation is termed the gradient. The gradient is, due to time 
constraints, usually evaluated based on a small fraction of 
the training data, which is termed stochastic gradient descent 
(SGD) (explained in Bottou (2012)). SGD is an iterative 
procedure. Model parameters are optimized by feeding the 
training data in multiple iterations (epochs) to the model. 
Parameters are updated by small proportions of the gradi-
ent, while the magnitude of the proportion is also termed 

”learning-rate”. To adjust the weights not only for the ter-
minal layer but also for all layers in between, a technique 
called backpropagation of errors (Rumelhart et al. 1986) is 
employed. Here, the gradient, evaluated at the terminal layer, 
is decomposed to reflect the contribution of each neuron in 
the complete network. As the gradient is the derivative of 
the loss function with respect to the network parameters, this 
decomposition is achieved by the chain rule.

Deep generative models

Deep generative models (DGMs) introduce random latent 
and observed variables, which allow learning a distribution 
over both (Fig. 3). They explicitly or implicitly maximize a 
likelihood lower bound for the training data, which means 
that the likelihood of the training data can be maximized 
up to a certain amount. The likelihood indicates how well 
a data point, i.e., a patient instance or cell, is supported by 
the model. With regards to deep generative models, this 
could also be termed as: ”How likely is it that a given data 

Fig. 3   Autoencoder and deep generative approaches. An Autoen-
coder (AE) is trained in an unsupervised manner to minimize the 
error between a reconstruction x′ and the input data x used for train-
ing. Usually, the mean squared error is employed (see formula). The 
loss is minimized by computing the gradient for the network param-
eters, e.g., the weights, indicated here as arrows. In this example, all 
weights are equal, indicated by the identical thickness of lines. The 
gradient indicates to what extent the loss is dependent on the respec-
tive parameter. The loss computed for the terminal layer ( x′ ) is propa-
gated back through the network (exemplary indicated for some neu-
rons by dashed arrows) to calculate the dependence on neurons in 
the intermediate (hidden) layers. DGM approaches have in common 
that they employ a number of random variables (indicated by dashed 
lines) z (and x in case of the DBM) to generate synthetic data ( ̂x ), 
which should mimic the training data (x). In the VAE a distribution is 
learned over the variables in the bottleneck layer (z). During training, 
the distribution is regularized to follow a multivariate normal distri-
bution with diagonal covariance, which is parameterized by a mean 

and standard deviation represented by the neurons � and � . These are 
also termed the variational parameters. A neural network, also termed 
encoder, parametrizes the distribution of z. The latent representation 
(z) is transformed to the space of the observed variables with the gen-
erator network (decoder). Like the VAE, the GAN also has a genera-
tor network, but here, no encoder is available that learns the latent 
representation. Instead, a supervised encoder network (discriminator) 
computes a loss which indicates if the generated examples x̂ can be 
discriminated from real data (x). A gradient of the generator param-
eters with respect to the loss is then used to update the weights of the 
generator to generate examples that the discriminator cannot discrim-
inate from real data. The parameters of the discriminator are updated 
as well to compete with the improved generator. DBMs deviate from 
GANs and VAEs in their general design. In contrast to those men-
tioned above, they are undirected models and consist only of random 
variables. x

1
,x̂

1
 , and x′

1
 are a training example, a synthetic sample or a 

reconstruction respectively
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point has been generated by the model”. This implies that 
a likelihood can be assigned to a single data point, e.g., as 
performed in Ding et al. (2018; Fig. 4).

Deep generative approaches have been successfully 
applied in many fields of gene expression related research. 
For an overview, see e.g., Lopez et al. (2020).

Fitting deep generative models

Since deep generative models learn a distribution over 
the observed and latent variables, potentially very com-
plex distributions have to be approximated. Consider, e.g., 
(Gaussian) mixture models that estimate the parameters 
of a mixture of (Gaussian) distributions. The probabilities 
with which observations are assigned to the components of 
the mixture can be seen as latent factors that have to be 
inferred. In the popular expectation-maximization (EM) 
algorithm (Dempster et al. 1977), values for the latent vari-
ables computed in a current iteration are plugged in for an 
iterative optimization. For deep generative approaches, this 
approach is not possible because the values of the latent 
variables can not exactly be computed. Instead, they have to 
be approximated. For approximation, there are two promi-
nent approaches termed (Bayesian) variational inference 
(Blei et al. 2017) and Gibbs sampling (explained in Resnik 
and Hardisty (2010)). In variational inference, we assume 
that the distribution of the latent variables is related to a 
simple distribution (prior distribution). During training, 

we condition on the prior distribution to infer the posterior 
distribution of the latent variables. Specifically, we get an 
approximation for the distribution of the latent variables, 
given the training (here gene expression) data. Gibbs sam-
pling is a Markov chain Monte Carlo (MCMC) technique. 
In DGMs, the objective is to infer the joint distribution of 
observed and latent variables. This is achieved by estimating 
a series of conditional expectations for latent and observed 
variables. Specifically, in each iteration, the states of all 
neurons are sequentially inferred by conditioning on the 
states of all other neurons. After performing the procedure 
for several iterations, we arrive at an estimate for the joint 
distribution of observed and latent variables. The absence 
of lateral connections in a neural network makes Gibbs sam-
pling comparatively efficient. Nevertheless, this approach 
is still considerably slower than variational inference, espe-
cially when a large number of observed and latent variables 
are studied. The above presented approaches to approximate 
the joint distribution of observed and latent variables indi-
cate a close relationship between the training of DGMs and 
generating synthetic samples.

Variational autoencoder (VAE)

VAEs (Kingma and Welling 2013) are, given the architecture 
of the neural network, similar to the AE, but their training 
objective differs fundamentally. AEs aim to learn a recon-
struction of the data, which generalizes well to new unseen 
data. As a by-product, a low dimensional representation can 
be learned by introducing a bottleneck layer of significantly 
lower dimensionality compared to the dimensionality of the 
original training data. In contrast, the objective of the VAE is 
to directly learn a posterior distribution over latent variables, 
which represent the latent structure of the observed data. As 
the VAE learns a distribution, we can draw samples from the 
distribution and thereby get information about uncertainty in 
the data. The distribution of the latent variables is inferred 
by variational inference. As a prior distribution, research-
ers often use a multivariate standard Gaussian distribution. 
In the VAE, there are two neural networks, the inference 
(encoder) and the generator (decoder) network (Fig. 3). The 
inference network is trained to learn the parameters of the 
distribution over the latent variables, while the generator 
network is trained to learn a transformation from the latent 
variables to the observed variables. The parameters of the 
inference and the generator network are updated by a loss 
which is composed of two factors. One factor ensures that 
the generated synthetic observations are similar to the train-
ing data by employing the reconstruction error (see Fig. 2a). 
The other factor assures that the distribution estimated for 
the latent variables is similar to the employed prior distribu-
tion. This is achieved by the Kullback–Leibler divergence 
(Kullback and Leibler 1951) which is used to measure the 

Fig. 4   Dimension reduction with DGMs. Example for a two-dimen-
sional latent representation of the data shown in Fig. 1 learned by a 
DGM. Notice the compared to PCA (Fig. 1) better linear separability 
of the observations. Contours shown in the figure indicate that a dis-
tribution over the latent variables has been learned. This implies, that 
we can get the uncertainty for observations in the latent space, also 
indicated by the concentric rings plotted around a red observation in 
the bottom right
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deviation from the prior distribution. As the learned distribu-
tion over the latent space z is regularized to mimic a Gauss-
ian distribution with diagonal covariance, the latent vari-
ables in z should be more or less independent. The amount of 
regularization can be controlled by increasing the influence 
of the deviation from the prior distribution on the loss. This 
principle is employed in the �-VAE (Higgins et al. 2016) 
which has also been proposed as an approach for increasing 
the interpretability of VAEs. VAEs have been observed to 
learn the joint distribution even from small amounts of data 
with a low amount of variance (Nußberger et al. 2020).

Generative adversarial network (GAN)

A generative adversarial network (GAN) (Goodfellow 
et  al. 2014), similar to VAEs, employs feed-forward 
neural networks for learning a transformation between 
the observed and latent variables. Similar to the VAE, 
a generative component (generator) is present (Fig. 3). 
This neural network transforms samples from a simple 
distribution, such as a multivariate normal distribution 
with a diagonal covariance matrix, into a representation 
of the same dimensionality as the training data. How-
ever, the training objective differs fundamentally from the 
VAE. While in the VAE, there is an explicitly formulated 
objective for maximizing the likelihood of the training 
data, meaning that for data points, a probability given the 
model parameters can be stated, the maximization of the 
likelihood is implicitly achieved in the GAN. Specifically, 
the GAN possesses a discriminator network which can be 
seen as a supervised neural network. The objective of this 
network is to discriminate between real data points and 
synthetic data points sampled from the generator. Dur-
ing training, the discriminator and the generator com-
pete against each other. The generator aims at generating 
synthetic observations which the discriminator cannot 
discriminate from real observations. The discriminator 
then assigns a score to each presented synthetic or real 
data point. When the generator is sufficiently accurate in 
generating synthetic data that the discriminator cannot 
discriminate from real data, a value of 0.5 is returned for 
both in case the score ranges from 0 to 1, which is the 
case for the classic GAN that builds on the Kullback-
Leibler divergence. While classic GANs are difficult to 
train, using the Wasserstein metric has been proposed in 
the Wasserstein GAN (Arjovsky et al. 2017). Compared 
to DBMs and VAEs, GANs have been described to be 
difficult to adapt to omics data with a small sample size 
(Nußberger et al. 2020). Nevertheless, Xu et al. (2020) 
successfully employed GANs for imputing gene expres-
sion data.

Deep Boltzmann machine (DBM)

The deep Boltzmann machine (Salakhutdinov and Hinton 
2009) represents a different approach compared to VAE 
and GAN. Similar to the VAE and GAN, the training objec-
tive is to learn weights so that the samples drawn from the 
DBM have the same properties as found in the training data. 
Explicitly, the weights are optimized according to a gradient 
formed between states of the observed and latent variables 
calculated for the training data and a sample from the DBM. 
Samples from the DBM are retrieved by Gibbs sampling 
from the distribution formed over all observed and latent 
variables. Thereby, the likelihood for the presented data is 
increased while simultaneously reducing the likelihood for 
the randomly selected states. DBMs have been shown to 
work particularly well for binary omics data, such as haploid 
SNP data (Nußberger et al. 2020).

Adaptation of DGMs to omics data

Modeling count data

Among all omics-type measurements, scRNA-seq is the 
most frequently studied, e.g., in single-cell eQTL approaches 
(Majumdar et al. 2020). Typically, a scRNA-seq protocol 
involves the isolation of single cells and their messenger 
RNA (mRNA), reverse transcription, library preparation, 
and sequencing (Kim et al. 2015). The experimenters obtain 
counts of how many of the fragments have been mapped 
to a particular gene, resulting in a large cell by gene count 
matrix. The experimental steps and the resulting sampling 
process in scRNA-seq studies were commonly modeled 
using the Poisson distribution, which was shown to give a 
good description of the technical noise in scRNA-seq data 
(Grün et al. 2014; Kim et al. 2015; Wang et al. 2018). How-
ever, the assumptions accompanying the Poisson distribution 
often do not match real observations. Usually, our datasets 
contain heterogeneous cell populations or heterogeneity due 
to biological processes like cell cycle, which increase the 
dispersion (width) of the distribution (Kim et al. 2015). This 
can lead to excess variability, also referred to as overdis-
persion, which the Poisson distribution might not be able 
to model (Hilbe 2011). To account for this overdispersion, 
we have to add an additional layer of modeling. Hence, 
most researchers use the negative binomial distribution 
(also known as gamma-Poisson mixture), which captures 
technical and biological variability, to describe scRNA-seq 
data. Additionally, different experimental protocols might 
also lead to varying levels of zero counts, the modeling 
of which has been widely investigated (Hicks et al. 2018; 
Townes et al. 2019; Silverman et al. 2020; Svensson 2020). 
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The presence of many zero counts and biological variabil-
ity often leads to bimodal distributions in scRNA-seq data 
(Fig. 1b).

Single cell variational inference (scVI)

A framework to adapt the classical VAE to the character-
istics of count data resulting from scRNA-seq experiments 
was developed by Lopez et al. (2018). Just like the VAE, in 
scVI, the data is encoded into a lower-dimensional latent 
representation and reconstructed via a decoder network (see 
VAE in Fig. 3). Two neural networks are employed to esti-
mate the parameters of the negative binomial distribution. 
Additionally, the model can estimate the parameters for a 
zero-inflation term, allowing for acknowledging a higher 
number of zeros than expected. Synthetic scRNA-seq data 
can be generated in scVI by the following process. In the 
latent space of scVI, samples are drawn from a multivari-
ate normal distribution. The samples are then, together with 
batch information, where each cell is assigned membership 
to an experimental batch such as a well plate in which cells 
have been processed, fed into two decoder networks. One of 
the networks estimates the expected number of transcripts 
across all genes, and the other estimates whether a dropout 
event has occurred. As described above, scRNA-seq data 
can be modeled by a gamma-Poisson mixture. Hence, the 
expected number of transcripts for each gene is entered into 
a gamma distribution, and the corresponding inverse dis-
persion is estimated using variational inference. Thereby, 
the overdispersion, which can occur, e.g., through hetero-
geneous groups of cells, is taken into account. The resulting 
random variable is then multiplied by a library-size scaling 
factor and used as the rate parameter of a Poisson distribu-
tion. This mixture, resulting in a negative binomial distribu-
tion, is the output of the generative process in scVI (Lopez 
et al. 2018).

The learned lower-dimensional latent representation of 
scVI can give insights into the molecular phenotypes of 
cells through an unsupervised learning approach. These 
representations learned through the encoder can be used 
for downstream analyses to aid interpretability (Lopez et al. 
2018). For example, representations can be visualized in two 
dimensions and then colored with the help of known factors, 
e.g., batch information, to get a first impression of whether 
this factor leads to increased variation in the data (see, e.g., 
Fig. 4). Additionally, by accounting for technical factors 
in the lower-dimensional latent representations, one can 
improve the interpretability of the models, as the biological 
signal can be extracted more clearly (Lopez et al. 2020).

Due to the probabilistic orientation of scVI, researchers 
can also use the decoder for statistical inference. For exam-
ple, Lopez et al. (2018) show that the model can be used to 
test differential expression between the genes of two groups 

of cells while also accounting for potential technical effects. 
Boyeau et al. (2019) have extended scVI with a more com-
plex Bayesian approach to test differential expression.

So far, the lower-dimensional latent representations 
learned by scVI have primarily been used to correct for batch 
effects, i.e., systematic differences between, e.g., well plates 
during the execution of an experiment, and to integrate bio-
logical data from different modalities. For example, Gupta 
et al. (2021) investigated single-nuclei RNA-sequencing 
(snRNA-seq) for its ability to identify cell types at different 
states of adipogenesis. They used scVI for removing techni-
cal batch effects which facilitated integrating snRNA-seq 
and scRNA-seq data for inferring joint patterns between 
both data types. As a result, they were able to detect shared 
cell populations across the different sequencing techniques 
which was impossible otherwise. Govek et al. (2021) used 
scVI to retrieve a lower-dimensional representation of a 
CITE-seq dataset of the murine spleen. This representation 
was helpful in further downstream analyses such as clus-
tering and differential expression analysis. Similarly, Quinn 
et al. (2021) and Schupp et al. (2000) made use of scVIs 
ability to learn complex non-linear representations in cancer 
cells and lung epithelial cells, respectively.

Gayoso et al. (2021) provide a comprehensive and highly 
optimized package called scvi-tools with which scientists 
can perform end-to-end analyses. They also offer tutorials 
on using the corresponding methods and ensure integration 
with other common analysis methods such as Seurat (Stuart 
et al. 2019), and Scanpy (Wolf et al. 2018).

Interpretable AI

As defined by Montavon et  al. (2018), an interpretable 
representation is a representation that can somehow be 
understood by humans. For example, a two-dimensional 
representation retrieved by PCA yields an interpretable rep-
resentation because we can visually inspect if samples with a 
given label are more or less similar to each other, given their 
scores on e.g., two plotted principal components (see Fig. 1). 
Compared to PCA, DGMs can more efficiently capture the 
essential structure, which reduces the number of latent vari-
ables to be studied and thereby increases interpretability.

In contrast to deep supervised models, deep unsupervised 
models thus have the advantage that they are, to some extent, 
interpretable. They learn a latent representation that can be 
visually inspected.

While the reduced dimensionality of learned latent 
representations allows for, e.g., better studying how a 
genotype or haplotype affects the cellular state, i.e., helps 
interpret the data, this comes at the price of opaqueness. 
Thus, we partially lose the relationships between genes or 
genomic loci and the learned latent representation since 
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latent representations are non-linearly associated with the 
observed variables, e.g., gene expression levels. However, 
this is important, e.g., in the development of therapeutics, 
where we need to know the genes that we want to target.

In addition, although the estimated latent space is rather 
low dimensional, different latent variables in the latent space 
might be related to an external phenotype. Consequently, 
it would be desirable if variability in external phenotypes 
would be explained by mutually exclusive latent variables 
(see Fig. 5a).

Being able to infer the above-mentioned two relationships 
between latent variables and observed variables (genes) as 
well as between latent variables and external phenotypes 
increases the interpretability of DGMs.

A different yet frequently synonymously employed term 
is ”explainability”. Explainability is closely related to cau-
sality and consequently addresses, in the case of an unsu-
pervised setting, the question of why samples are more or 
less similar to each other (Montavon et al. 2018). The ”why” 
in the case of omics data means that we are interested in 
obtaining the variables (e.g., genes) and also combinations 
over these, which are affecting the distance of data points. 
From this definition, we can see that interpretability is 
required for explainability.

A taxonomy of approaches for interpretable deep 
learning models

Murdoch et al. (2019) present a general overview of inter-
pretable AI approaches. They discriminate between model-
based interpretability, where the model itself is designed 
to yield interpretable results, and post-hoc interpretability, 
where information is extracted from a potentially non-inter-
pretable model (Fig. 5b,c). They also discriminate between 
global (dataset-level) and local (prediction-level) interpre-
tation. While global interpretability relates to the features 
(variables) that are overall important, local interpretability 
relates to the determination of features that explain the pre-
dictions made for a given observational unit, e.g., a patient. 
In unsupervised models, the predictions are the coordi-
nates of an observation in the latent space. Consequently, 
a local interpretation derived from a deep generative model 
should indicate how levels of observed variables respond 
to a change in the values of a latent variable for a specific 
observation.

As shown in the previous section, DGMs can estimate the 
parameters of the distribution of a low-dimensional repre-
sentation of the original data. Having a distribution allows 
in addition to describing high dimensional observations to 
also assessing uncertainty of the observations in the latent 
space. This unique feature of generative approaches allows 
for estimating generalizability to different scenarios and for 

quantifying how well a specific observation is supported by 
the model.

With respect to interpretability, the same rules applica-
ble to non-generative deep approaches also apply to DGMs. 
However, since DGMs learn a distribution over observed 
and latent variables, they offer additional opportunities due 
to their potential to generate new synthetic observations.

In the following, we give some examples for model-based 
and post-hoc approaches for interpreting the results from 
DGMs.

Model‑based approaches

Model-based interpretability refers to models that incorpo-
rate mechanisms that allow direct interpretation of learned 
relationships (Fig. 5c). However, the gain in interpretability 
is often accompanied by a loss in predictive accuracy or a 
lower support for the modeled data, i.e., lower likelihoods 

Fig. 5   Taxonomy of interpretable deep learning models. a Learning 
relations between latent and observed variables as well as external 
phenotypes. Learning disentangled representations by model-based 
approaches enforces that individual latent variables are only related 
to a subset of observed variables or phenotypes. b A schematic illus-
tration explaining post-hoc interpretability. The model is still a black 
box, i.e., the inner processes are not interpretable, but the influence 
of the observed variables on the output can be explained. c An illus-
tration of model-based interpretability. Here, the model is adapted to 
the extent that the inner processes are interpretable. This is usually 
accompanied by a reduction in the performance of the model
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(Murdoch et al. 2019). The most prominent example of 
such an approach is a linear regression model, where one 
can directly interpret the models’ parameters. For increased 
capability to precisely model the data, additional terms, 
e.g. to model interactions between the variables, need to 
be incorporated into the model which subsequently impairs 
interpretability.

Taking the opposite path, complex deep learning 
approaches are modified to enforce, e.g., linearity or mono-
tonicity (Molnar 2020).

Disentanglement strategies play a prominent role in mak-
ing deep generative models more interpretable. Here, the 
goal is to learn latent representations that are, to a large 
degree, independent from each other. PCA, for example, is to 
a large extent frequently employed for deriving interpretable 
representations because the PCs are statistically independent 
from each other. This increases interpretability because it 
allows for annotation of the latent space, e.g., with external 
phenotypes. If multiple latent variables were linked with 
an external phenotype, the relationship would be fuzzy. Put 
differently, disentanglement strategies allow for learning an 
interpretable factor of variation (Fig. 5a).

Lotfollahi et al. (2021) propose the compositional per-
turbation auto-encoder (CPA), which learns a disentangled 
representation associated with, e.g., cells and genetic per-
turbations. The authors use an adversarial loss to separate 
latent cell representations from other covariates. More spe-
cifically, the model learns neural networks that try to dis-
criminate between covariate information, such as genetic 
perturbations, from the learned latent representation. If the 
classification yields poor results, it is assumed that there is 
little or no information about the covariates in the learned 
representation; hence cell representations and representa-
tions associated with genetic perturbations would be disen-
tangled and, therefore, easier to interpret. Another example 
of the use of disentanglement strategies is shown in Kinalis 
et al. (2019). Here the authors use a mixture of model-based 
and post-hoc interpretability by modifying an auto-encoder 
to include an orthogonality constraint in the loss function. 
This constraint ensures that the model learns disentangled 
representations, which can then be interpreted using saliency 
maps. More precisely, the authors visualize the influence of 
a small change in the expression of a gene on the representa-
tion. The authors also state that they can use this model to 
identify gene signatures of biological pathways.

Biological pathways are a prominent example of an 
underlying latent structure within noisy gene expression 
measurements. In Gut et al. (2021), the authors present 
pathway module VAE (pmVAE), which incorporates 
prior knowledge about biological pathways into the net-
work architecture of a VAE and thus aids interpretability 
by learning latent representations that are factorized by 

pathway membership. This approach comes with the dis-
advantage that prior biological information is necessary, 
which might not always be the case. Another model, which 
relies on prior knowledge from pathway databases like 
Reactome (Jassal et al. 2020), that aids interpretability is 
presented in Rybakov et al. (2020). Here, the authors use 
VAEs with a regularized linear decoder to explain the vari-
ation of annotated factors from pathway databases, unan-
notated factors, and factors assumed to represent technical 
confounders.

DGMs also allow us to infer statistical relationships 
between the inferred latent variables and the observed var-
iables. In an application to scRNA-seq data, Yu and Welch 
(2021) combine VAEs and GANs to learn disentangled 
representations, which showed, e.g., that a specific latent 
variable was related to immune function. Specifically, 
they show that a particular latent variable has learned the 
mesenchymal-epithelial transition using their model.

Unlike the previous approaches, Märtens and Yau 
(2020) propose to adapt the decoder network to decompose 
the variability for each gene into multiple components. 
More precisely, the model learns to separate the fraction of 
explained variance for each gene into variance explained 
by the latent variables, variance explained by additional 
covariates, and variance explained by their interaction 
effect. Here, the statistical relationship between latent 
and observed variables is given by a variance decomposi-
tion. Such a decomposition can be found, for example, in 
the classical analysis of variance (ANOVA). The authors 
demonstrate their method’s effectiveness in an applica-
tion to bone marrow derived dendritic cells from multi-
ple time points. Eventually, they decompose the temporal 
effects, effects due to a particular stimulus, and interac-
tions between the stimulus and the time variable.

A substantial contribution to biology and medicine that 
disentangled, and thus interpretable, representations can 
make are predictions of changes in gene expression under 
previously unobserved drug treatments. One approach to 
do this is the so-called latent space vector arithmetics. In 
Yu and Welch (2021), e.g., the effects of drug treatments 
were predicted for previously untreated cell types by deter-
mining the average difference of latent representations for 
a given cell type under other drug treatments. This dif-
ference is then combined with the untreated cell type to 
predict changes in gene expression. A similar approach 
was used by Lotfollahi et al. (2019) to predict the pertur-
bation response observed on mouse data for human cells. 
Similarly, Lotfollahi et al. (2021) model previously unob-
served drug doses and drug responses, which biologists 
could use to optimize, e.g., experimental design. Although 
these methods involve strong assumptions, there is a large 
potential for biological and medical applications.
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Linearly decoded variational autoencoder (LDVAE)

An intuitive way to make deep learning methods interpreta-
ble is to look at the last layer of a neural network in the linear 
form (Lopez et al. 2020). Similarly, Svensson et al. (2020a) 
try to regain interpretability through a linear decoder in scVI 
(Fig. 3). Every cell represented by latent variables in the 
lower-dimensional latent space of scVI would typically be 
decoded to generate the corresponding parameters for each 
gene in each cell by using a negative binomial distribution. 
However, the low-dimensional latent representations are 
not easily interpretable. Hence, it is not possible to identify 
which genes influenced the representation of a particular 
cell. In many scenarios, e.g., eQTL studies, it is essential 
to know whether specific cell phenotypes are influenced by 
sets of genes that tend to be jointly expressed. This makes 
the interpretability of the latent space in the scVI framework 
essential. By integrating a linear factor model into the recon-
struction part of the scVI framework–called linearly decoded 
variational autoencoder (LDVAE), Svensson et al. (2020a) 
show that they can use the flexibility of the non-linear repre-
sentation of data without losing interpretability. However, in 
this model, a trade-off is made between the fit of the model 
and its interpretability, reflected in an increase in reconstruc-
tion error. The generative model of LDVAE remains very 
close to that of the classical scVI framework. However, one 
of the decoder networks, which estimates the expected num-
ber of transcripts per gene, is replaced by a linear factor 
model. Due to the linearity of the decoder, interpretability 
can be secured. This linear factor model assigns a weight 
to each gene in each cell, making the influence of this gene 
on the representation of the cell intelligible (Svensson et al. 
2020a). Factor analysis, a generalization of the well-known 
principal components analysis, provides a generative model 
based on linear Gaussian latent variables (Murphy 2022). In 
factor analysis, the genes are modeled as linear combinations 
of the latent variables with an added error term. These linear 
combinations of several correlated genes are also referred 
to as meta-genes in the literature (Raychaudhuri et al. 1999; 
Brunet 2004; Svensson et  al. 2020a). LDVAE provides 
model-based interpretability because it allows direct insight 
into the relationships between latent variables and input data 
through the linearity enforced on the decoder. Additionally, 
Svensson et al. (2020a) state that the proportion of variance 
explained by each latent variable can be computed, which 
brings additional advantages for interpretability. Being able 
to assign to each gene a factor loading allows performing 
an in-depth investigation of, e.g., pathway activity. We 
extracted the gene set corresponding to the B cell receptor 
signaling pathway, natural killer cell mediated cytotoxicity 
pathway, and primary immunodeficiency pathway from the 
KEGG database. Next, we took the maximum of the abso-
lute factor loadings for each gene across all latent variables 

to compare for which pathways the LDVAE has learned an 
increased activity (See supplementary Notebook).

To illustrate the utility of LDVAE, we show an example 
analysis of scRNA-seq data from peripheral blood mononu-
clear cells (PBMC) (Zheng et al. 2017). We can use LDVAE 
to infer gene programs from the data. More specifically, the 
model learns a latent representation of cells where cells with 
similar transcriptomes are grouped together and potentially 
depict gene expression phenotypes. However, due to the 
non-linearities in the networks of scVI, information about 
each gene’s influence on these latent representations stays 
hidden to the user. Using LDVAE, we can infer the relation-
ship between gene weights and latent variables, which gives 
us a way to interpret the influence of one or several genes 
on the complex gene expression phenotypes (Svensson et al. 
2020a). We train the network on the 2000 most highly vari-
able genes and 7480 cells. The latent factors separate mul-
tiple cell types, all of which were defined by marker genes 
in Zheng et al. (2017) (Fig. 6). We can infer the correspond-
ing information about co-expressed genes from the factor 
model’s loadings. More specifically, loadings for S100A8 
and S100A9 indicate monocytes, loadings for CD79A and 
CD79B mark b-cells (Hu et al. 2020), GNLY and NKG7 rep-
resent a cluster of natural killer cells (Fig. 6). The model can 
infer gene programs by examining more latent dimensions 
for extracting co-expressed genes (Svensson et al. 2020a).

The learned lower-dimensional representations can be 
used as covariates in linear models to account for, e.g., 
confounding factors. In a recent preprint examining work-
flows to sc-eQTL mapping, the authors used LDVAE in a 
comparison with other methods to adjust their analyses for 
batch effects, and potentially unknown covariates (Cuomo 
et al. 2021). LDVAE did not perform particularly well in 
this setting. However, we believe that more elaborated inter-
pretable deep learning approaches might be used to account 
for potential confounding factors in sc-eQTL studies in the 
future.

Post‑hoc approaches

In contrast to model-based interpretability, post-hoc 
approaches (Fig. 5b) have the advantage that they are appli-
cable to any kind of model, irrespective of the detailed 
make-up. This also implies that post-hoc approaches, in con-
trast to model-based approaches, do not have to be tailored 
to the specific properties of omics data.

Post-hoc approaches infer feature importance by approxi-
mating the non-interpretable model with simpler models. 
The most popular post-hoc approaches employ an additive 
model to approximate the output (the predictions or the 
coordinates in a learned low-dimensional embedding) of the 
complex model. The output of the interpretable model then 
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is the effect of the individual input variables on the output 
of the complex model.

The input variables are usually binarized where 0 repre-
sents an absence, or a reference value, while 1 the original 
value of the variable. The effect of the input variables on 
the complex models’ output is then assessed by perturbing 
the input data.

Popular approaches are Local Interpretable Model-agnos-
tic Explanations (LIME) (Ribeiro et al. 2016), the SHap-
ley Additive exPlanation (SHAP) (Lundberg et al. 2018) 
approach, e.g., demonstrated in Lundberg et al. (2020) and 
visualization techniques such as Layer-wise Relevance Prop-
agation (LRP) (Bach et al. 2015; Montavon et al. 2017).

LIME provides a local explanation based on samples of 
similar observations around a given observation whose pre-
diction is to be explained. The result is a locally interpret-
able model in which we can assess the impact of the input 
variables on the prediction or latent space information we 
want to explain.

LRP is specifically tailored to deep neural networks and 
can identify the observed variables which are activated in an 
observation, relative to a reference state, and which respond 
sensitive to a change in the prediction made by the NN. LRP 
has been employed, e.g., in Chereda (2021) for prediction of 
metastasis in breast cancer.

In the SHAP approach, marginal feature importance on 
predictions is inferred by removing different variables when 
fitting the simple additive model. This implies that a multi-
tude of different combinations of input variables have to be 
investigated. Due to the resulting combinatorial complexity, 

SHAP is computationally intensive but has been frequently 
applied for interpretable deep learning with omics data, e.g., 
for inferring gene importance on predictions of survival 
(Kuruc et al. 2021) and clustering in combinations with AEs 
(Lemsara et al. 2020).

While the aforementioned approaches have been success-
fully applied to supervised networks, they might generally 
be applied to DGMs. In fact, DGMs can easily generate new, 
perturbed observations, which is a building block of many 
post-hoc approaches. Moreover, since DGMs represent a 
model for the joint distribution of latent and observed vari-
ables, the perturbation process can be controlled very well. 
Recently, VAEs have been reported to improve the interpret-
ability of the LIME approach (Schockaert et al. 2020).

Extracting patterns with log‑linear models

One post-hoc approach which has been recently proposed 
by us (Hess et al. 2020) is able, to infer the relationship 
between observed variables and latent variables. Being a 
post-hoc approach, it is applicable to any kind of DGM 
such as DBMs, VAEs and GANs. Specifically, the approach 
only requires synthetic observations for the observed and 
latent variables sampled from a trained DGM. In contrast 
to LDVAE, where relations between latent and observed 
variables are derived by simplifying the decoder, our post-
hoc approach works by simplifying the distribution of 
observed and latent variables. Specifically, observed and 
latent variables are discretized, and the co-occurrence of 
the derived discrete states for observed and latent variables 

Fig. 6   Interpreting latent representations using linearly decoded 
variational autoencoders (LDVAE). By using the LDVAE approach 
on the PBMC dataset (Zheng et  al. 2017), we can visually examine 
the learned latent representations, here the first two variables. The 
color-coded kernel density estimates show the arrangement of three 
cell types (monocytes, B-cells, and natural killer (NK) cells) (left). 
The factor loadings of the first two variables can now also be dis-

played visually (right). Since the first two latent variables (Z 1 and 
Z 2) learned by the LDVAE approach separate the three cell types, 
they can be directly linked to factor loadings of co-expressed genes. 
Hence, variation along the Z 1 axis corresponds to variation in 
expression of CD79A and CD79B, whereas variation along the Z 2 
axis corresponds to variation in expression of NKG7 and GNLY
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are investigated in high dimensional cross tables (Fig. 7). For 
the analysis of cross tables, log-linear models are employed, 
which are related to Poisson regression. Specifically, a linear 
model is employed to study potentially higher-order inter-
actions between latent and observed variables. By fitting 
log-linear models step-wise, an observed variable is added 
if the interaction with already included observed variables 
conditional on the state of latent variables is higher than all 
others until to that point not selected variables. By consider-
ing the interactions between observed and latent variables, 
we are able to infer patterns over observed variables that 
contribute to the essential structure in the data. This ren-
ders the approach specifically interesting since it allows for 
prediction-level interpretability. This means that different 
observations, e.g., different cells, can be compared in terms 
of their similarity in the latent space, and the patterns in the 
observed variables can be subsequently studied to infer the 
essential differences between the cells (see also the supple-
mentary Jupyter notebook for an exemplary analysis).

In an exemplary application, we infer a latent representa-
tion of single-cell RNA-Seq data using scVI (Lopez et al. 
2018) (see also section ”Single Cell Variational Inference 
(scVI)”). We employ the same data-set as used for the 

application of LDVAE. Using the approach described in 
Hess et al. (2020), we then extract eight genes which form 
joint patterns with latent variables. To demonstrate that the 
extracted variables contribute to the essential structure in the 
data, we annotate samples from the posterior distribution of 
the VAE based on patterns identified in the eight variables. 
Specifically, we transfer a label of an observed cell-type to 
the sample, by pattern matching in the eight identified vari-
ables. As also demonstrated in Hess et al. (2020) these genes 
carry enough information to annotate the samples generated 
from scVI (Fig. 8). We observe some deviations compared 
to using the original labels, but overall the synthetic cells 
are correctly annotated. We employ both the original VAE 
as described by Lopez et al. (2018) as well as the LDVAE, 
which lacks hidden layers in the generator network (Fig. 3). 
We observe that the samples generated by the LDVAE allow 
for a slightly worse separation of cells compared to the VAE. 
The identified genes which carry essential information do 
now allow us, e.g., to compare the individual cells in terms 
of their expression pattern in the identified genes. In the 
supplementary Jupyter notebook you can find a compari-
son of cell-types in terms of their expression profile in the 
identified genes.

Fig. 7   Extracting joint patterns between observed and latent variables 
with log-linear models. A deep generative model such as a variational 
autoencoder (VAE) as employed by scVI is trained on single-cell 
RNA-Seq data. After training, synthetic observations for observed 
and latent variables ( ̂x and ẑ , shown are four observations) are sam-
pled from the posterior or the prior distribution of the latent variables 
z. Synthetic observations are further discretized, which is straightfor-
ward in the case of single-cell RNA-Seq data where usually bimodal 
distributions are observable. Log-linear models are step-wise fit to the 

discretized synthetic observations to identify joint patterns between 
latent variables and observed variables (the genes). Starting with no 
selected observed variables, the association of the latent variable with 
all observed variables is inferred (strength of association indicated by 
grey color; step 1). The variable with the strongest association is then 
added to the model (step 2). In the following iterations, steps 3 and 
4 are repeated until a given number of variables has been selected. 
In this example, we stop after step 4 since all information-carrying 
observed variables (2 and 3) have been selected
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Conclusion

DGMs are a versatile approach for extracting latent rep-
resentations from omics data. As they are unsupervised 
approaches, they learn the joint distribution of the data, 
which allows for addressing uncertainty and better general-
izability. This permits an improved integration of different 
population samples as well as data modalities or imputation 
of missing observations. A further promising application 
is the generation of counterfactual observations, which are 
important in assessing causality in observational studies as 
was done in, e.g., Louizos et al. (2017) and Parbhoo et al. 
(2018). With respect to explainability, e.g., to infer why two 
cells are more similar/dissimilar, DGMs thus are promising 
tools.

We described different approaches of rendering DGMs 
more interpretable, which extend the models beyond a bet-
ter description of the relationship between data points in 
terms of their overall similarity. Some approaches target 

interpretability by enforcing disentangled latent represen-
tations so that each latent variable is interpretable with 
respect to a given external phenotype. Another group of 
approaches is concerned with inferring the relationship 
between observed and latent variables.

In the following, we discuss the applicability and indicate 
challenges that are still to be resolved.

Model‑based vs. post‑hoc approaches 
for interpretability

The advantage of post-hoc approaches over model-based 
ones is their larger flexibility. It is possible to employ the 
best performing approach and only in the second step care 
about the interpretations (Samek et al. 2021). On the other 
hand, the risk in post-hoc approaches is that the model, 
due to uncontrollable noise, focuses on artifacts that hinder 
learning useful information and naturally also the subse-
quent interpretation (Laugel et al. 2019).

Fig. 8   Annotating synthetic observations derived by scVI based on 
patterns in extracted genes. Shown are samples from the posterior 
inferred by scVI from the PBMC data in a two-dimensional embed-
ding derived by t-stochastic neighbor embedding (t-SNE) (Van der 
Maaten and Hinton 2008). VAE and LDVAE are employed. Based on 
the samples from the posterior of VAE and LDVAE, the log-linear 
approach (Fig. 7) was employed to extract eight genes that form joint 
patterns with the latent variables. Samples drawn from the poste-

rior distribution were then assigned to a real expression vector and 
the corresponding cell type label, based on the pattern in the eight 
extracted variables (Inferred Labels). For comparison, samples from 
the posterior are also shown colored by the original cell type label 
(Original Labels). The extracted genes were FCN1, IGLC3, SH2D1B, 
GZMK, MEG3, KLRB1, NELL2, S100A12 for VAE and S100A8, 
IGKC, LYAR, FCGR3A, GPR183, COTL1, ARHGAP44, AQP3 for 
LDVAE
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Model-based interpretability approaches have the disad-
vantage that they are, by definition, adapted to a specific 
model class and thus cannot be used flexibly. Addition-
ally, model-based interpretability often leads to reduced 
predictive performance or increased reconstruction errors 
as described by Murdoch et al. (2019) and Svensson et al. 
(2020b). Additionally, see also our results presented in Fig. 8 
where the samples generated by LDVAEs, which are adapted 
for model-based interpretability, do less accurately reflect 
the different cell types compared to unmodified VAEs.

Advantages/disadvantages of different generative 
approaches

To date, most approaches for interpretable generative mod-
eling are focused on VAEs. The variational Bayes approach 
of VAEs allows for robust and time-efficient estimation 
of parameters. In contrast, DBMs are less frequently used 
because of the time consuming Gibbs sampling procedure. 
However, the DBM is an otherwise versatile approach 
because it allows for flexible sampling schemes. Compared 
to VAEs, there are also fewer approaches which employ 
GANs to extract interpretable representations. This is mainly 
because drawing latent space information conditional on 
information for the observed variables (the posterior distri-
bution in VAEs) is not straightforward to conduct (see GAN 
architecture in Fig. 3). However, GANs can generally cre-
ate more accurate samples compared to VAEs (Goodfellow 
et al. 2016). Therefore, Yu and Welch (2021) have proposed 
combinations of VAEs and GANs. They employ VAEs to 
generate disentangled latent representations, which are sub-
sequently employed in the generator of the GAN to generate 
synthetic samples of high quality.

Challenges

Training data and hyperparameter optimization

Approaches like scVI can generally yield an improvement 
over shallow approaches such as PCA (Raimundo et al. 
2020). Although there is not always a benefit in using deep 
models over shallow approaches Bellot et al. (2018), in the-
ory, deep approaches should always result in a better perfor-
mance given enough data being available. However, com-
pared to simpler approaches like PCA, DGMs require tuning 
hyper-parameters, e.g., the architecture of the network or 
the learning rate. Still, there is no established way to do so.

Suitable error model

Although interpretable AI methods hold great promise for 
automated analysis of complex biological data, it is still 
necessary to adapt the corresponding models to the given 

data structures. This also means that the technical noise 
introduced during experiments must be understood, which 
continues to require subject-matter expertise. Also, one 
should note that some of the deep generative models have 
been shown to have difficulties in learning bimodal distri-
butions, which are common in scRNA-seq data (Treppner 
et al. 2021). Additionally, it has been demonstrated by Breda 
et al. (2021) that scVI often falsely identifies genes as co-
expressed. This could also affect LDVAE and result in incor-
rect gene programs being identified.

Inferring significance of statistical associations 
between observed and latent variables

Although a number of the investigated approaches allow for 
extracting relations between learned latent and observed var-
iables as described e.g., in Märtens and Yau (2020), there is 
still a large amount of research to be performed in detecting 
significant associations. For instance, in both the LDVAE 
approach by Svensson et al. (2020b), and the log-linear mod-
eling approach by Hess et al. (2020) it remains challenging 
to infer a cutoff defining meaningful association of observed 
and latent variables. Hess et al. (2020) proposed to employ 
permutation-based approaches. Even though they are effec-
tive, they are also very time-consuming and only feasible for 
a small number of variables. The main problem in applying 
statistical testing here is the inevitable dependency between 
observed and latent variables for which no closed-form or 
time-efficiently evaluable density function is available.

Framework for evaluation and validation of extracted 
information

What is generally missing is a framework for rigorous evalu-
ation of the explanatory performance. As already pointed 
out by Murdoch et al. (2019), there are currently very few 
approaches for evaluating methods for interpretable machine 
learning. Hence, it is still challenging to compare differ-
ent approaches and judge the scale of their impact. Also, it 
is difficult for researchers to choose an appropriate method 
without proper evaluation methods.

As a solution, it is proposed to generate data based on 
the knowledge extracted from interpretable generative 
approaches, which could then be employed to test the respec-
tive models. Another approach suggested by Murdoch et al. 
(2019) could be to use the extracted information for solving 
real world problems. For example, consider the log-linear 
approach described by Hess et al. (2020). The proposed 
log-linear models allow to extract the statistical associa-
tions between observed (genes) and latent variables. Con-
sequently, we receive a model describing the similarity of 
cells with a small number of genes. This model could easily 
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be evaluated on other data sets in order to check if cell-type 
similarities are correctly inferred.

To improve model-based approaches, Murdoch et al. 
(2019) further suggest to use exploratory data analysis. 
This could involve exploring relationships learned from the 
models, for example, through visualizations. For instance, 
in Kinalis et al. (2019), saliency maps, a method for visual-
izing prominent features, are used to visualize the influence 
of Hallmark molecular pathways on latent representations. 
Murdoch et al. (2019) also suggest that the user could cor-
rect false correlations learned by interpretable methods. 
In a biological context, for example, it is conceivable that 
latent variables representing a particular pathway could be 
compared with prior knowledge from databases to generate 
feedback for the model.

In biology, more specifically, the analysis of omics data, 
there is the possibility of experimental validation of the 
putative findings from interpretable deep generative mod-
els. As this research area is still at an early stage, there are 
very few studies in which rigorous experimental validation 
is performed. However, both the methods and the potential 
users could benefit from this by adjusting model predictions 
to experimental results and giving users a better overview 
of the utility of the respective techniques in their applica-
tion areas.

Acknowledgements  We would like to thank Layla Nieden for proof-
reading the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. M.T. was supported by the Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) – 322977937/GRK2344 and 
DFG - Project-ID 431984000 - SFB 1453. The work of M.H. has been 
supported by the Federal Ministry of Education and Research in Ger-
many (BMBF) project ‘Generatives Deep-Learning zur explorativen 
Analyse von multimodalen Omics-Daten bei begrenzter Fallzahl’ 
(GEMOLS: Generative deep-learning for exploratory analysis of multi- 
modal omics data with limited sample size, Fkz. 031L0205A).

Availability of data and material  The accompanying data can be found 
at https://​github.​com/​ssehz​tirom/​inter​preta​ble-​gener​ative-​deep-​learn​
ing.

Code availibility  The accompanying Jupyter notebooks can be found at 
https://​github.​com/​ssehz​tirom/​inter​preta​ble-​gener​ative-​deep-​learn​ing.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, 
Chu SG, Raby BA, DeIuliis G, Januszyk M et al (2020) Single-cell 
rna-seq reveals ectopic and aberrant lung-resident cell populations 
in idiopathic pulmonary fibrosis. Science Adv 6(28):eaba1983

Arjovsky, M., Chintala, S. and Bottou, L. (2017) ,Wasserstein GAN, 
arXiv preprint arXiv:​1701.​07875

Azodi CB, Tang J, Shiu S-H (2020) Opening the black box: inter-
pretable machine learning for geneticists. Trends Genetics 
36(6):442–455

Bach S, Binder A, Montavon G, Klauschen F, Müller K-R, Samek 
W (2015) On pixel-wise explanations for non-linear classi-
fier decisions by layer-wise relevance propagation. PloS One 
10(7):e0130140

Bellot P, de Los Campos G, Pérez-Enciso M (2018) Can deep learn-
ing improve genomic prediction of complex human traits? 
Genetics 210(3):809–819

Blei DM, Kucukelbir A, McAuliffe JD (2017) Variational inference: 
a review for statisticians. J Am stat Assoc 112(518):859–877

Bottou L (2012) Stochastic gradient descent tricks. In: Neural net-
works: tricks of the trade. Springer, pp 421–436

Boyeau P, Lopez R, Regier J, Gayoso A, Jordan MI, Yosef N (2019) 
,Deep generative models for detecting differential expression in 
single cells, bioRxiv p 794289

Breda J, Zavolan M, van Nimwegen E (2021) Bayesian inference of 
gene expression states from single-cell rna-seq data. Nat Bio-
tech 39:1008–1016

Breiman L (2001) Random forests. Mach Learn 45(1):5–32
Brunet J-P, Tamayo P, Golub TR, Mesirov JP (2004) Metagenes and 

molecular pattern discovery using matrix factorization. Proc 
Natl Acad Sci 101(12):4164–4169

Bush WS, Moore JH (2012) Genome-wide association studies. PLoS 
Comput Biol 8(12):e1002822

Chereda H, Bleckmann A, Menck K, Perera-Bel J, Stegmaier P, Auer 
F, Kramer F, Leha A, Beißbarth T (2021) Explaining decisions 
of graph convolutional neural networks: patient-specific molec-
ular subnetworks responsible for metastasis prediction in breast 
cancer. Genome Med 13(1):1–16

Cuomo AS, Alvari G, Azodi CB, McCarthy DJ, Bonder MJ et al 
(2021) Optimising expression quantitative trait locus mapping 
workflows for single-cell studies, bioRxiv

Dempster AP, Laird NM, Rubin DB (1977) Maximum likelihood 
from incomplete data via the em algorithm. J Roy Stat Soc: 
Series B (Methodological) 39(1):1–22

Ding J, Condon A, Shah SP (2018) Interpretable dimensionality 
reduction of single cell transcriptome data with deep genera-
tive models. Nat Commun 9(1):1–13

Gayoso A, Lopez R, Xing G, Boyeau P, Wu K, Jayasuriya M, Melh-
man E, Langevin M, Liu Y, Samaran J, Misrachi G, Nazaret A, 
Clivio O, Xu C, Ashuach T, Lotfollahi M, Svensson V, Belt-
rame EdV, Talavera-López C, Pachter L, Theis FJ, Streets A, 
Jordan MI, Regier J, Yosef N (2021) scvi-tools: a library for 
deep probabilistic analysis of single-cell omics data, bioRxiv

Gilad Y, Rifkin SA, Pritchard JK (2008) Revealing the architecture 
of gene regulation: the promise of eqtl studies. Trends Genetics 
24(8):408–415

https://github.com/ssehztirom/interpretable-generative-deep-learning
https://github.com/ssehztirom/interpretable-generative-deep-learning
https://github.com/ssehztirom/interpretable-generative-deep-learning
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1701.07875


1497Human Genetics (2022) 141:1481–1498	

1 3

Goodfellow I, Bengio Y, Courville A, Bengio Y (2016) Deep learn-
ing, vol 1. MIT press, Cambridge

Goodfellow IJ, Pouget-Abadie J, Mirza M, Xu B, Warde-Farley, D, 
Ozair S, Courville A, Bengio Y (2014) Generative adversarial 
networks, arXiv preprint arXiv:​1406.​2661

Govek KW, Troisi EC, Miao Z, Aubin RG, Woodhouse S, Camara 
PG (2021) Single-cell transcriptomic analysis of mihc images 
via antigen mapping. Sci Adv 7(10):eabc5464

Grün D, Kester L, Van Oudenaarden A (2014) Validation of 
noise models for single-cell transcriptomics. Nat Methods 
11(6):637–640

Gupta A, Shamsi F, Altemose N, Dorlhiac GF, Cypess AM, White 
AP, Patti ME, Tseng YH, Streets AM. (2021) Characterization of 
transcript enrichment and detection bias in single-nuclei rna-seq 
for mapping of distinct human adipocyte lineages. bioRxiv

Gut G, Stark SG, Rätsch G, Davidson NR (2021) pmvae: learning 
interpretable single-cell representations with pathway modules. 
bioRxiv

Hess M, Hackenberg M, Binder H (2020) Exploring generative deep 
learning for omics data using log-linear models. Bioinformatics 
36(20):5045–5053

Hicks SC, Townes FW, Teng M, Irizarry RA (2018) Missing data and 
technical variability in single-cell rna-sequencing experiments. 
Biostatistics 19(4):562–578

Higgins I, Matthey, L, Pal, A, Burgess C, Glorot X, Botvinick M, 
Mohamed S, Lerchner A. (2016) beta-vae: Learning basic visual 
concepts with a constrained variational framework

Hilbe JM (2011) Negative binomial regression. Cambridge University 
Press

Hinton GE, Salakhutdinov RR (2006) Reducing the dimensionality of 
data with neural networks. Science 313(5786):504–507

Hornik K, Stinchcombe M, White H et al (1989) Multilayer feed-
forward networks are universal approximators. Neural Netw 
2(5):359–366

Hu Y, Ranganathan M, Shu C, Liang X, Ganesh S, Osafo-Addo A, Yan 
C, Zhang X, Aouizerat BE, Krystal JH et al (2020) Single-cell 
transcriptome mapping identifies common and cell-type specific 
genes affected by acute delta9-tetrahydrocannabinol in humans. 
Sci Rep 10(1):1–14

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, Sidiro-
poulos K, Cook J, Gillespie M, Haw R et al (2020) The reactome 
pathway knowledgebase. Nucleic Acids Res 48(D1):D498–D503

Kim JK, Kolodziejczyk AA, Ilicic T, Teichmann SA, Marioni JC 
(2015) Characterizing noise structure in single-cell rna-seq dis-
tinguishes genuine from technical stochastic allelic expression. 
Nat Commun 6(1):1–9

Kim S, Kim K, Choe J, Lee I, Kang J (2020) Improved survival analysis 
by learning shared genomic information from pan-cancer data. 
Bioinformatics 36(Suppl 1):i389–i398

Kinalis S, Nielsen FC, Winther O, Bagger FO (2019) Deconvolution of 
autoencoders to learn biological regulatory modules from single 
cell mrna sequencing data. BMC Bioinformatics 20(1):1–9

Kingma DP, Welling M (2013) Auto-encoding variational Bayes. arXiv 
preprint arXiv:​1312.​6114

Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, Teichmann SA 
(2015) The technology and biology of single-cell rna sequencing. 
Mol Cell 58(4):610–620

Kullback S, Leibler RA (1951) On information and sufficiency. Ann 
Math stat 22(1):79–86

Kuruc F, Binder H, Hess M (2021) Stratified neural networks in a time-
to-event setting. bioRxiv

Laugel T, Lesot M-J, Marsala C, Renard X, Detyniecki M (2019) The 
dangers of post-hoc interpretability: unjustified counterfactual 
explanations arXiv preprint arXiv:​1907.​09294

Lee DD, Seung HS (1999) Learning the parts of objects by non-nega-
tive matrix factorization. Nature 401(6755):788–791

Lemsara A, Ouadfel S, Fröhlich H (2020) Pathme: pathway based 
multi-modal sparse autoencoders for clustering of patient-level 
multi-omics data. BMC Bioinformatics 21:1–20

Lopez R, Gayoso A, Yosef N (2020) Enhancing scientific discoveries 
in molecular biology with deep generative models. Mol Syst Biol 
16(9):e9198

Lopez R, Regier J, Cole MB, Jordan MI, Yosef N (2018) Deep gen-
erative modeling for single-cell transcriptomics. Nat Methods 
15(12):1053–1058

Lotfollahi M, Klimovskaia A, De Donno C, Ji Y, Ibarra IL, Wolf FA, 
Yakubova N, Theis FJ, Lopez-Paz D (2021) Compositional per-
turbation autoencoder for single-cell response modeling. bioRxiv

Lotfollahi M, Wolf FA, Theis FJ (2019) scgen predicts single-cell per-
turbation responses. Nat Methods 16(8):715–721

Louizos C, Shalit U, Mooij, J, Sontag D, Zemel R, Welling M. (2017) 
Causal effect inference with deep latent-variable models. arXiv 
preprint arXiv:​1705.​08821

Lundberg SM, Erion G, Chen H, DeGrave A, Prutkin JM, Nair B, Katz 
R, Himmelfarb J, Bansal N, Lee S-I (2020) From local explana-
tions to global understanding with explainable ai for trees. Nat 
Mach Intell 2(1):56–67

Lundberg SM, Nair B, Vavilala MS, Horibe M, Eisses MJ, Adams T, 
Liston DE, Low DK-W, Newman S-F, Kim J et al (2018) Explain-
able machine-learning predictions for the prevention of hypoxae-
mia during surgery. Nat Biomed Eng 2(10):749–760

Mandric I, Schwarz T, Majumdar A, Hou K, Briscoe L, Perez R, Subra-
maniam M, Hafemeister C, Satija R, Ye CJ et al (2020) Optimized 
design of single-cell rna sequencing experiments for cell-type-
specific eqtl analysis. Nat Commun 11(1):1–9

Märtens K, Yau C (2020) Neural decomposition: Functional anova with 
variational autoencoders, in International Conference on Artificial 
Intelligence and Statistics, PMLR, pp 2917–2927

Molnar C (2020) Interpretable machine learning. Lulu.​com
Montaez CAC, Fergus P, Montaez AC, Hussain A, Al-Jumeily D, Chal-

mers C (2018) Deep learning classification of polygenic obesity 
using genome wide association study snps, In 2018 International 
Joint Conference on Neural Networks (IJCNN), IEEE, pp 1–8

Montavon G, Lapuschkin S, Binder A, Samek W, Müller K-R (2017) 
Explaining nonlinear classification decisions with deep Taylor 
decomposition. Pattern Recogn 65:211–222

Montavon G, Samek W, Müller K-R (2018) Methods for interpret-
ing and understanding deep neural networks. Dig Signal Process 
73:1–15

Murdoch WJ, Singh C, Kumbier K, Abbasi-Asl R, Yu B (2019) Defini-
tions, methods, and applications in interpretable machine learning. 
Proc Natl Acad Sci 116(44):22071–22080

Murphy KP (2022) Probabilistic machine learning: an introduction. 
MIT press. probml.​ai

Nußberger J, Boesel F, Lenz S, Binder H, Hess M (2020) Synthetic 
observations from deep generative models and binary omics data 
with limited sample size. Briefings in bioinformatics, p bbaa226

Parbhoo S, Wieser M, Wieczorek A, Roth V (2018) Cause-effect deep 
information bottleneck for systematically missing covariates, 
arXiv preprint arXiv:​1807.​02326

Quinn JJ, Jones MG, Okimoto RA, Nanjo S, Chan MM, Yosef N, 
Bivona TG, Weissman JS (2021) Single-cell lineages reveal the 
rates, routes, and drivers of metastasis in cancer xenografts. Sci-
ence 371(6532):eabc1944

Raimundo F, Vallot C, Vert J-P (2020) Tuning parameters of dimen-
sionality reduction methods for single-cell rna-seq analysis. 
Genome Biol 21(1):1–17

Raychaudhuri S, Stuart JM, Altman RB (1999) Principal components 
analysis to summarize microarray experiments: application to 

http://arxiv.org/abs/1406.2661
http://arxiv.org/abs/1312.6114
http://arxiv.org/abs/1907.09294
http://arxiv.org/abs/1705.08821
https://Lulu.com
https://probml.ai
http://arxiv.org/abs/1807.02326


1498	 Human Genetics (2022) 141:1481–1498

1 3

sporulation time series, in Biocomputing 2000. World Scientific 
pp 455–466

Resnik P, Hardisty E (2010) Gibbs sampling for the uninitiated, Techni-
cal report. Maryland Univ College Park Inst for Advanced Com-
puter Studies

Ribeiro MT, Singh S, Guestrin C (2016) ”Why should i trust you?” 
explaining the predictions of any classifier, In Proceedings of the 
22nd ACM SIGKDD International Conference on Knowledge 
Discovery and Data Mining, pp 1135–1144

Riesselman AJ, Ingraham JB, Marks DS (2018) Deep generative mod-
els of genetic variation capture the effects of mutations. Nat Meth-
ods 15(10):816–822

Rumelhart DE, Hinton GE, Williams RJ (1986) Learning representa-
tions by back-propagating errors. Nature 323(6088):533–536

Rybakov S, Lotfollahi M, Theis FJ, Wolf FA (2020) Learning inter-
pretable latent autoencoder representations with annotations of 
feature sets. bioRxiv

Salakhutdinov R, Hinton G (2009) Deep boltzmann machines, In Arti-
ficial intelligence and statistics. PMLR pp 448–455

Samek W, Montavon G, Lapuschkin S, Anders CJ, Müller K-R (2021) 
Explaining deep neural networks and beyond: a review of methods 
and applications. Proc IEEE 109(3):247–278

Schockaert C, Macher V, Schmitz A (2020) VAE-LIME: deep genera-
tive model based approach for local data-driven model interpret-
ability applied to the ironmaking industry. arXiv preprint. arXiv:​
2007.​10256

Silverman JD, Roche K, Mukherjee S, David LA (2020) Naught all 
zeros in sequence count data are the same. Comput Struct Bio-
technol J 18:2789–2798

Srivastava N, Hinton G, Krizhevsky A, Sutskever I, Salakhutdinov R 
(2014) Dropout: a simple way to prevent neural networks from 
overfitting. J Mach Learn Res 15(1):1929–1958

Stegle O, Parts L, Durbin R, Winn J (2010) A Bayesian framework 
to account for complex non-genetic factors in gene expression 
levels greatly increases power in eqtl studies. PLoS Comput Biol 
6(5):e1000770

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 
III, Hao Y, Stoeckius M, Smibert P, Satija R (2019) Comprehen-
sive integration of single-cell data. Cell 177:1888–1902. https://​
doi.​org/​10.​1016/j.​cell.​2019.​05.​031

Suhre K, Shin S-Y, Petersen A-K, Mohney RP, Meredith D, Wägele 
B, Altmaier E, Deloukas P, Erdmann J, Grundberg E et al (2011) 
Human metabolic individuality in biomedical and pharmaceutical 
research. Nature 477(7362):54–60

Svensson V (2020) Droplet scrna-seq is not zero-inflated. Nat Biotech 
38(2):147–150

Svensson V, Gayoso A, Yosef N, Pachter L (2020a) Interpretable fac-
tor models of single-cell rna-seq via variational autoencoders. 
Bioinformatics 36(11):3418–3421

Svensson V, Gayoso A, Yosef N, Pachter L (2020b) Interpretable fac-
tor models of single-cell rna-seq via variational autoencoders. 
Bioinformatics 36(11):3418–3421. https://​doi.​org/​10.​1093/​bioin​
forma​tics/​btaa1​69

Townes FW, Hicks SC, Aryee MJ, Irizarry RA (2019) Feature selec-
tion and dimension reduction for single-cell rna-seq based on a 
multinomial model. Genome Biol 20(1):1–16

Treppner M, Salas-Bastos A, Hess M, Lenz S, Vogel T, Binder H 
(2021) Synthetic single cell rna sequencing data from small pilot 
studies using deep generative models. Sci Rep 11(1):1–11

Van der Maaten L, Hinton G (2008) Visualizing data using t-sne. J 
Mach Learn Res 9(2605):2579–2605

Van Der Maaten L, Postma E, Van den Herik J (2009) Dimensionality 
reduction: a comparative. J Mach Learn Res 10(66–71):13

Vincent P, Larochelle H, Bengio Y, Manzagol P-A (2008) Extract-
ing and composing robust features with denoising autoencoders, 
In Proceedings of the 25th International Conference on Machine 
Learning, pp 1096–1103

Wang J, Huang M, Torre E, Dueck H, Shaffer S, Murray J, Raj A, 
Li M, Zhang NR (2018) Gene expression distribution decon-
volution in single-cell rna sequencing. Proc Natl Acad Sci 
115(28):E6437–E6446

Wolf FA, Angerer P, Theis FJ (2018) Scanpy: large-scale single-cell 
gene expression data analysis. Genome Biol 19(1):1–5

Xu C, Lopez R, Mehlman E, Regier J, Jordan MI, Yosef N (2021) Prob-
abilistic harmonization and annotation of single-cell transcriptom-
ics data with deep generative models. Mol Syst Biol 17(1):e9620

Xu Y, Zhang Z, You L, Liu J, Fan Z, Zhou X (2020) scigans: single-cell 
rna-seq imputation using generative adversarial networks. Nucleic 
Acids Res 48(15):e85–e85

Yang C, Wang L, Zhang S, Zhao H (2013) Accounting for non-genetic 
factors by low-rank representation and sparse regression for eqtl 
mapping. Bioinformatics 29(8):1026–1034

Yu H, Welch JD (2021) Michigan: sampling from disentangled rep-
resentations of single-cell data using generative adversarial net-
works. Genome Biol 22(1):1–26

Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, 
Ziraldo SB, Wheeler TD, McDermott GP, Zhu J et al (2017) Mas-
sively parallel digital transcriptional profiling of single cells. Nat 
Commun 8(1):1–12

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://arxiv.org/abs/2007.10256
https://arxiv.org/abs/2007.10256
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1093/bioinformatics/btaa169
https://doi.org/10.1093/bioinformatics/btaa169

	Interpretable generative deep learning: an illustration with single cell gene expression data
	Abstract
	Introduction
	Building blocks for dimension reduction by deep neural networks
	Artificial neural networks
	Autoencoder (AE)
	Fitting deep neural networks

	Deep generative models
	Fitting deep generative models
	Variational autoencoder (VAE)
	Generative adversarial network (GAN)
	Deep Boltzmann machine (DBM)

	Adaptation of DGMs to omics data
	Modeling count data
	Single cell variational inference (scVI)

	Interpretable AI
	A taxonomy of approaches for interpretable deep learning models
	Model-based approaches
	Linearly decoded variational autoencoder (LDVAE)
	Post-hoc approaches
	Extracting patterns with log-linear models

	Conclusion
	Model-based vs. post-hoc approaches for interpretability
	Advantagesdisadvantages of different generative approaches
	Challenges
	Training data and hyperparameter optimization
	Suitable error model
	Inferring significance of statistical associations between observed and latent variables
	Framework for evaluation and validation of extracted information


	Acknowledgements 
	References




