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a b s t r a c t

Current single-cell visualisation techniques project high dimensional data into ‘map’ views to identify high- 
level structures such as cell clusters and trajectories. New tools are needed to allow the transversal through 
the high dimensionality of single-cell data to explore the single-cell local neighbourhood. StarmapVis is a 
convenient web application displaying an interactive downstream analysis of single-cell expression or 
spatial transcriptomic data. The concise user interface is powered by modern web browsers to explore the 
variety of viewing angles unavailable to 2D media. Interactive scatter plots display clustering information, 
while the trajectory and cross-comparison among different coordinates are displayed in connectivity net-
works. Automated animation of camera view is a unique feature of our tool. StarmapVis also offers a useful 
animated transition between two-dimensional spatial omic data to three-dimensional single cell co-
ordinates. The usability of StarmapVis is demonstrated by four data sets, showcasing its practical usability. 
StarmapVis is available at: https://holab-hku.github.io/starmapVis.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and 
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Advances in single-cell RNA-seq technology have enabled the pro-
filing of the expression of hundreds of thousands of individual cells 
[1,2], among which cell subpopulations can be identified. At the same 
time, spatial transcriptomics has developed to capture the distribution 
of cells sampled within larger tissue structures [3]. Domain-specific 
software and pipelines have standardised processing of such data, 
making generic analysis straightforward. However, tuning initial input 

parameters remains non-trivial, and thus conclusions based on pipe-
line-standard parameters add a source of heuristic bias. In the present 
study, the prime concern is that most processing pipelines present 2D 
analysis of high-dimensional data, relying on the "least bad" technique 
for projecting features into lower-dimensional space. Simultaneously, 
the data are plotted to form a ‘map’, excelling at showing proximity and 
providing the intuition of the route from point A to point B. However, 
these are not without controversy and often obfuscate intuition and 
interpretability for ease and simplicity. A recent publication suggests 
that the overall task error in immersive visualisation is reduced when 
using 3D compared to 2D visualisation because more information is 
available [4], even when not presented in a more complex manner. 
Under this paradigm, “data exploration” is aided early in the analysis 
workflow by allowing a viewer to assess the high-level spatial orga-
nisation of cells and compare results in different coordinate systems, 
molecular profiles of cells, etc.
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Despite investigations suggesting interactive data exploration 
would benefit interpretability [4,5], to our knowledge, this type of 
visualisation is not widely available using current tools. While there 
are many web-based data exploration tools developed for single-cell 
RNAseq data, most focus on 2D scatter plots of downstream results, 
i.e., selected gene expression and metadata. Several other visuali-
sation tools utilising virtual reality (VR) for single-cell data have 
been developed in the past few years. CellexalVR [6], for example, 
places all projected data calculated by different dimension reduction 
tools such as tSNE, diffusion maps and UMAP in VR, allowing users 
to explore and compare different scRNA-seq analysing results. 
However, CellexalVR requires the use of dedicated commercial VR 
headsets, which limits widespread adoption in the field. Similar to 
StarmapVis, SinglecellVR [7] allows users to use a cheap ’cardboard’ 
VR headset through a web portal to present analysed data from 
common scRNA-seq platforms (i.e. Scanpy, Seurat). However, Sin-
glecellVR and Squidpy + Napari [8], a spatial omics tool with no VR 
capability, may not be as scalable when it comes to visualising large 
data sets with more than a million cells. Theia [9] and vLume [10] do 
scale to millions of cells. However, they provide no animation sup-
port and are not web-based or compatible with the standard single- 
cell analysis packages such as Scanpy and Seurat. Furthermore, 
neither offers solutions for spatial transcriptomic data. Only very 
recently have computational methods [11] been developed to com-
bine the techniques’ information to achieve single-cell resolutions in 
spatially related regions of the same tissue, etc. However, the matter 
of interpretability without necessarily tuning the input parameters 
of each individual technique persists.

Inspired by the mature field of immersive web-based rendering, 
we find interactive visualisation combined with a temporally layered 
presentation of results can provide a novel solution for spatial, 
single-cell visualisation for exploration. In this manuscript, we pre-
sent StarmapVis, a user-friendly visualisation tool designed specifi-
cally for integrated single-cell and spatial transcriptomic study for 
exploration and hypothesis generation from such transcriptomic 
data. Compared with other standard analysis tools packed into 
processing pipelines, StarmapVis organises the analysed results and 
presents them in a seamless user interface (UI), offering a spatially 
aware, single-cell trajectory visualisation. StarmapVis enables an 
interactive visualisation for the standard, fixed single-cell analysis 
pipeline analysis alluded to, including scatter plots with clustering 
information, connectivity network with trajectory, and cross-com-
parison among different coordinates. It introduces a scalable and 
new strategy to visualise single cells in the 3D space, allowing users 
to traverse through the single-cell environment just like experien-
cing a guided tour in a city. Users are able to ‘swim’ in cell space 
along the specific trajectories, assess the high-level clustering 
structure of cells and to further examine the interaction and con-
nection between different coordinates, such as 3D projections and 
spatial coordinates. The included functions for formatting popular 
python and R analysis output, including Scanpy [12], Seurat [13], 
PAGA[14], Monocle3 [15] and Scanorama [16], make for seamless 
uploading and exploration to StarmapVis via the web application 
hosted at https://holab-hku.github.io/starmapVis. The concise user 
interface creates inline, publication-quality figures and is fully ex-
tendable via an open-source MIT licence. All source codes are stored 
in the repository: https://github.com/holab-hku/starmapVis (Fig. 1).

1.1. Requirements

StarmapVis visualises single-cell analysis by formatting and di-
rectly interfacing with popular package output. The tool provides an 
intuitive interface for users to upload data, as well as four demo 
datasets. Five types of files let users upload different combinations of 
information via CSV files and PNG images (described in Table 1) for 
interactive downstream analysis. Users can choose to upload a 

single-cell CSV file or a combination of several files and information 
to generate multiple kinds of visualisation from single-cell RNA-seq 
data to a narrative of spatial transcriptomic data.

2. Application

2.1. Interactive 3D scatterplot

Single-cell analysis results are typically projected to the 2D or 3D 
space using different dimensionality reduction tools, i.e., UMAP, t- 
SNE, PCA etc., and coloured by user-selected labels. The labels can be 
based on any number of values, i.e., cluster labels, inference pseu-
dotime, expression of selected genes, principal components, com-
posite score, etc. Several VR tools exist to explore the 3D plots from 
different viewing angles, seamlessly zoom in and out, and change 
colours according to various labels and selected genes. While it is not 
our main ambition here, we include such functionality to satisfy user 
curiosity.

Using our first demo dataset of 65,539 mouse visual cortex 
single-cell RNA-seq sequences [17], we showcase the ability of 
StarmapVis to visualise the entire data set using a 3D UMAP pro-
jection, coloured by main cell type, subgroups and Leiden clusters. 
Nine main cell types are defined according to the known marker 
genes. Cells of two or more markers are removed because they most 
probably represent doublet artefacts and are grouped as ‘NaN’. As a 
fundamental requirement for single-cell visualisation, StarmapVis 
can achieve instance and smooth visualisation for even hundreds of 
thousands of cells. Users can select clusters of interest and choose 
the different colourmap for the best presentation. One can explore 
the 3D plots from different viewing angles, seamlessly zoom in and 
out, and change colours according to various labels and selected 
genes (Fig. 2). As a fundamental requirement for single-cell visuali-
sation, StarmapVis can achieve instance and smooth visualisation for 
even hundreds of thousands of cells. Users can select clusters of 
interest and choose the different colourmap for the best pre-
sentation.

2.2. Trajectory visualisation

Trajectory analysis is important for studying the dynamic 
changes in gene expression. One of the main ambitions in trajectory 
analysis is to assign cells to branches. Determining the optimal as-
signment of those branches is nontrivial and can elucidate knowl-
edge about the data topology. Traditionally, branches are presented 
as static 2D lines with arrows. Here we achieve dynamic visualisa-
tion of 3D trajectories by integrating StarmapVis with widely used 
trajectory inference tools, i.e., PAGA and Monocle3, to explore useful 
branches. In this way, StarmapVis provides a novel solution for 
branch visualisation by creating an interactive trajectory branch set 
to explore, as shown in Fig. 3. Dynamic visualisation in this way 
enables exploration of the information on relative spatial relations of 
cells along the trajectory path; the processing of any dataset pro-
ceeds by the following steps: 

• Get the 3D UMAP location and velocity of each cell.

• Calculate PAGA and get the connectivity tree of each cluster.

• Find the centroid of each cluster in 3D using the UMAP 3D po-
sitions.

• Extract branches of interest.

Trajectory inference tools analyse high dimensional data and rely 
on methods of reduction to produce 2D inference trajectories, in the 
process reducing large amounts of data due to classical display re-
strictions. We were explicitly motivated to innovate in this space to 
overcome three limitations seen in the field: (1) visualisation of 3D 
projected data often has limited viewing angles, which makes it 
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challenging to view peripheral/outlier populations, (2) difficulty 
comparing between projections from individual, static plots, and 
finally (3) the inability to interact with trajectories.

In our second demo dataset, fluid immune cells in patients with 
COVID-19 present enable trajectory analysis [18]. We inferred the 
trajectory path and calculated the progression of cells through 
geodesic distance along the graph as the pseudotime of each cell 
using PAGA. The connectivity network is presented as red lines 
which can be hidden, as shown in Fig. 3. Users can also specify 
branches they want to present, and the camera will follow the path 
from the root to the end. Dynamic visualisation enables the ex-
ploration of the relative position information of cells in corners 
along the trajectory path.

2.3. Integration and visualisation

Different analytic techniques have been developed to measure 
specific aspects of single-cell identity. Here we seek to marry two 
such analyses to leverage their mutual interpretation. The combi-
nation of single-cell and spatial transcriptomics enables the ad-
vanced study of the spatial-temporal status of cells. The integration 
analysis of multiple single-cell datasets is an essential part of iden-
tifying cell populations that are present across multiple datasets and 
enables information to be shared among different single-cell omics. 
For example, the integration of single-cell data and spatial tran-
scriptomic data allows us to transfer cell type labels from scRNA-seq 
reference and to understand the spatial arrangement of different cell 
type and their interaction from the spatial transcriptomic data.

To demonstrate this capability, we investigate the spatial tran-
scriptomic data of chicken hearts from the early to late four-cham-
bered heart stages in our third demo dataset (Demo Story 2), [19]. 

Seurat helps to find integration anchors, which are pairs of cells in a 
matched biological state. By mapping spatial transcriptomic to 
scRNA-seq reference data, we can get 12 predicted cell types for 
chicken heart annotation. Using StarmapVis, we can select the 
cluster of interest in the colourmap panel. For example, as one of the 
important groups from the epicardial lineage, transferring “-epi-
thelial” labels to spatial data, we can see that epithelial cells are 
spatially restricted to the outermost epicardial layer of the ven-
tricular walls, as shown in Fig. 4. Lumican (LUM) is a marker gene 
known to be expressed in the outermost epicardial layer of em-
bryonic hearts, which also corresponds to the epi-epithelial group 
(Fig. 4). Similarly, ATAC2 is highly related to “Fibroblast cell” pre-
dicted by scRNA-seq reference.

2.4. Extracting meaning for storytelling

Spatial transcriptomics enables the study of the transcriptional 
activity of single cells in the context of the spatial organisation of 
these cells in the endogenous tissue environment. Spatial tran-
scriptomic data analysis often involves multiple samples, which re-
quires integration and cross-coordinates comparison.

Finally, we repurpose the integration vignette dataset from 
Scanpy to visualise the analysed outcome and compare the in-
tegrated results. Two slices of mouse brain (anterior and posterior) 
data are used for our fourth demo (Demo Story 1), consisting of 22 
Leiden clusters for the integrated data sets. Clusters 8, 11, and 19 of 
Fig. 5A belong to the posterior brain, and Cluster 10 and 17 belong to 
the anterior brain. Scanpy uses Scanorama [16] to integrate and re-
move batch effects between two spatial transcriptomics datasets of 
the mouse brain (Sagittal) provided by 10 × Visium. The lack of clear 
separation between the two groups is indicative that the integration 

Fig. 1. Overview of the StarmapVis pipeline. 

Table 1 
Overview of StarmapVis input file. 

File (s) Details Interpretation

Cell info (.csv) x,y,z and labels 3D coordinate points, cell labels (clusters, gene makers, pseudotime)
Trajectory (.csv) name, x, y, z, children, and root Names and 3D coordinates of edges and links
Animation path info (.csv) edge list Coordinates of animation path
Histology images (.png) images Histology data
Transformed coordinates (.csv) alternative coordinates Animate transformation from 2D to 3D, including 3D spatial transcriptomic data and 3D UMAP
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works well. Furthermore, from the spatial location, we can see the 
Leiden clusters form stratification of the cortical layer in both tis-
sues. Crucially, here StarmapVis highlights the necessity of multi- 
modal visualisation for interactive data exploration, wherein Fig. 5C 
clusters 0 and 5 present closely and even overlapping under stan-
dard parameters, and static analysis and yet are more correctly in-
terpreted as being far apart when viewed at a different angle.

StarmapVis can utilise meaningful label information and selected 
gene markers’ expressions with spatial coordinates of cells and dif-
ferent projections. We can further study the cortex spatial tran-
scriptome as a static snapshot for information related to different 
temporal stages by integrating the subset of spatial data (only spots 
belong to the cortex approximately). We can select only cortex cells 
from spatial transcriptome and study the temporal status separately, 
visualising them together interactively using StarmapVis. It is clear 
to see the pseudotime trajectory from the cortex subset UMAP 

projection, which corresponds to several clusters from the early to 
late stage. We can also observe the stratification from the spatial 
coordinates. StarmapVis makes it easy to present the information 
sequentially and record a video clip describing your findings within a 
dataset. Fig. 5D shows the top-ranked gene expression from selected 
clusters, which corresponds to the developing stage. Sequential 
layers of cortical neurons can be correctly identified and presented, 
both in the anterior and posterior sagittal slide.

3. Implementation

The presentation of the StarmapVis is integrated into a web- 
based application to provide easy access and cross-platform usage. 
Users can use the application by either accessing the domain or 
fetching the source code locally and running it through any main-
stream browser.

Fig. 2. (A) 3D scatter plot visualised in the non-VR mode of single-cell RNA-seq data containing 65,539 mouse vertex cells with different viewing angles. (B) Customised selected 
clusters. (C) UMAP plot with different colour maps.

Fig. 3. (A) Overview of the connectivity tree of PAGA analysed results in the non-VR mode of Covid-19 single-cell RNA-seq data. (B) Dynamic visualisation of selected branch path 
(snapshot from animation).
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The web application is entirely written in JavaScript and HTML, 
and many popular and advanced frameworks and libraries, including 
A-Frame [20], Three.js [21] and Bootstrap [22], are involved in the 
architecture of the application to guarantee functionality and us-
ability (Fig. 6). Responsive components, including buttons and con-
trol panel, and informative components, including mini-map, 
compass, colourmap and pop-up window of basic instructions in the 
web application, are intuitive and enhance the ease of user inter-
action and manipulation. The camera moves and pans smoothly by 
either following/tracing the users’ movement or following the cus-
tomised paths. Multiple user-defined colourmaps, including Batlow 
[23], Turbo and Viridis, are available in the application control panel 
to display and highlight variability among the presented data. 

Compared with a traditional rainbow-like colourmap, a colourmap 
like Batlow can provide perceptual uniformity and order without 
distortion while being acceptable and accessible to a wider audience, 
such as colour-blind individuals [24].

We designed and developed this web application in the direction 
of optimising the effect of visualisation and being compatible with 
devices with different hardware configurations. There are two op-
tions for rendering entities in the 3D space provided in the control 
panel so that users can choose to either render groups of entities 
concurrently to reach a higher frame rate or render each entity in-
dividually to enhance the fineness of the animation. Furthermore, 
data points are programmed to be visible or not by clusters so that 
users are able to hide certain clusters to reveal details in the 

Fig. 4. (A) UMAP of integration of the four transcriptomics datasets (left) and four spatial transcriptomics datasets with images of the chicken heart coloured by Leiden (right). (B) 
LUM and ATAC2 expression of the four transcriptomics datasets. Colour legends are provided for plots which are made up of continuous colour map.
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Fig. 5. (A) Histological images with cells of the anterior mouse brain (bottom left) and posterior mouse brain (bottom right), and integration of the two transcriptomics datasets 
using Scanorama (top). (B) 3D transformation of cortex subset from 2D spatial location to 3D UMAP, coloured by Leiden clustering, Pseudotime and gene Apoe expression level 
from left to time. (C) Different angles of 3D UMAP. (D) Differentially expressed genes from Leiden group 5, 0, 2, 1, 3. (E) Transformation process from UMAP to spatial coordinates, 
coloured by mt-Nd5 expression level. Colour legends are provided for plots which are made up of continuous colour map.

Fig. 6. Our application is constructed on several open-source libraries and frameworks to provide users with multiple operations to investigate or demonstrate the single cell and 
spatial omic data.
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overlapping space. While StarmapVis does not want to tie itself 
exclusively to high-end hardware, we include a VR mode within 
which users can explore single-cell data via camera and gyroscopes 
embedded within their mobile device-based VR headsets such as 
Google Cardboard and Daydream.

4. Discussion

A common analytical challenge for single-cell and spatial omics 
data is to explore the high dimensional embedding space of the 
samples. Single-cell data currently explores the global organisation 
of the cells by dimensionality-reduction of the expression space. 
Similarly, spatial omics explore the actual or inferred 2D or 3D or-
ganisation of cells to examine the cell status by comparing different 
coordinates. Here we present the lightweight, browser-based vi-
sualisation tool StarmapVis to visually explore both single-cell and 
spatial omics data spatially and temporally in an expandable open- 
source framework. The StarmapVis allows people to traverse bio-
medical data in a guided or semi-guided tour and interact with data 
in a 3D space.

The application was developed to handle single cell or spatial 
omic data at orders of magnitude of millions of cells, which is at least 
as many as other state-of-the-art 3D visualisation tools in the field. 
The upper limit of the number of cells that can be uploaded varies 
based on the configuration devices. We tested the software’s per-
formance in visualising different input data scales by measuring the 
frame rate. The frame rate maintained stably at 60 fps when 2 mil-
lion data points were rendered in the 3D space. However, the frame 
rate dropped to 40fps, which caused a small but perceptible differ-
ence in user experience when over 4 million data points were ren-
dered. At the same time, the large data could be loaded and rendered 
in seconds by our application since we enabled the BufferGeometry 
and BufferAttribute in Three.js [21], which allows for more efficient 
passing of data to GPU. The testing was performed in a MacBook Air 
(M2, 2022) with 24 GB memory.

Traditional visualisation is less than ideal for high dimensionality 
analysis due to the limited and arbitrary viewing angles, which 
greatly affect the shape scope of any given projection. Different or-
ientations may inform significantly different conclusions based on 
relative proximity in 3D space, e.g., the distance between clusters. 
Including 3D visualisation alongside 2D projections enables one to 
examine the relative position between cells, thereby enabling more 
rigorously drawn conclusions. A major innovation of StarmapVis is 
the ability to produce interactive animations to support single cell 
trajectory analysis and matching of single cell and spatial omic data. 
This type of animation is a unique feature of StarmapVis.

Another novel feature of StarmapVis is tracing the individual spot 
transformation from one coordinate system to another. For example, 
mt-Nd5 is one of seven mitochondrial genes encoding subunits of 
Complex I, which is differentially expressed in Leiden Cluster 5 (FDR 
corrected p-value = 2 × 10−17, picked randomly from the list of 34 
from the dataset, 15 least significant with 20 genes being more DE, 
up to q-value 1 × 10−73), corresponding to the earliest stage. mt-Nd5 
is highly expressed in most spots except for several spots (only 7th 
most highly expressed, as we see no correlation between DE q-value 
and expression), as shown in Fig. 5E. While these spots all belong to 
Cluster 5, there is a specific spot in the middle region of the cortex 
which is far from the majority of other spots in Cluster 5, indicating 
the possibility of a spatial-specific subgroup. This identification may 
be missed normally, but with StarmapVis, it is clearly seen (Table 2).

StarmapVis has the ability to display single-cell analysis results, 
single-cell trajectory branch information and spatial transcriptomic 
data in an immersive and interactive 3D space. We propose the idea 
of temporal visualisation of single-cell data with complete and ver-
satile functions for user-custom presentation. Users can toggle and 
compare different coordinate systems such as UMAP, t-SNE, Ta
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diffusion map and spatial coordinates. The labels can be based on 
any user-specified values, such as cluster labels, inferred pseudo-
time, expression of a handful of selected genes or some composite 
scores. Data with multiple projections (such as UMAP, t-SNE, spatial 
locations, etc.) can be visualised in a dynamic way and narratively 
guided by end-users.

StarmapVis can be launched on any device that has a web 
browser. When used on a mobile smartphone, StarmapVis can fur-
ther utilise low-cost VR headsets, such as Google Cardboard and 
Daydream, to enable more immersive visualisation. We reason that a 
story-telling visual experience will likely spark public imagination 
and draws individuals to ask more questions and think about the 
analysis.
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