Interactive Visual Analytics for Magnetic Resonance Spectroscopy Data

Emanuel V.C. Ruella *
Science and Technology Institute, Universidade Federal de Vigosa, Brazil

ABSTRACT

Magnetic Resonance Spectroscopy (MRS) is a non-invasive tech-
nique for quantifying metabolite concentrations in biological tissue,
offering crucial insight into neurological and metabolic conditions.
The IEEE BioVis 2025 Redesign Challenge calls for improved vi-
sualization tools to support the interpretation of this complex data.
We present an interactive web-based platform built with Dash and
Plotly for the exploratory analysis of P-MRS data at both individual
and cohort levels.

Our tool combines preprocessing (including chemical shift align-
ment), feature extraction (e.g., SNR, FWHM, symmetry), and
linked visualizations such as spectral plots, correlation heatmaps,
dimensionality reduction, and metabolite ratio comparisons. De-
sign choices follow principles of progressive disclosure, inter-
pretability, and reproducibility, enabling users to navigate from raw
spectra to cohort-level trends while maintaining clarity and usabil-
ity.

Index Terms: MRS, P-MRS, Spectroscopy

1 INTRODUCTION

Neurological conditions are a leading cause of disability and death
worldwide, and early detection is critical for improving patient out-
comes. Magnetic Resonance Spectroscopy (MRS) is a non-invasive
imaging technique [2] used to measure metabolite concentration
within biological tissues, offering insights into neurodegenerative
diseases, cancer, and other metabolic abnormalities. Unlike tradi-
tional Magnetic Resonance Imaging (MRI), MRS trades spatial in-
formation for chemical information, analyzing metabolites that can
be analyzed by its chemical shift, which is its difference in reso-
nance frequency relative to a particular reference metabolite, in our
case, 31P-MRSJ3].

31P-MRS is captured in a voxel structure, and basically boils
down to the spectral peaks and graph, and interpretation for mean-
ingful relationships are difficult to understand, problems that are
largely unmet in current clinical tools, with a focus on 1H-MRS.
The goal of this tool is to bridge this gap by providing an interac-
tive, visual analytics platform tailored to 31P-MRS data.

2 APPLICATION OVERVIEW

The developed application is an interactive web-based platform
built with Dash and Plotly to support an extensive exploratory anal-
ysis of 31P-MRS data. The application enables users to upload
a spectral and a base chemical shifts file, process said data, view
and compare metabolite features across individual subjects, and
perform advanced statistical and visual analyses. Core functional-
ity includes spectrum alignment (With Chemical Shift correction),
metabolite feature extraction, PCA dimensionality reduction, ratio-
based comparisons, and 2D and 3D plotting of comparisons and
correlations between features. The interface is designed for clarity,
modularity, and progressive exploration.
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3 VISUALIZATION TECHNIQUES

Figure 1: Ul layout and single subject analysis

The application provides a suite of visualizations designed to
support both detailed single-subject inspection and group-level pat-
tern recognition in P-MRS data. These tools expose all relevant
metabolite features and enable intuitive, domain-specific explo-
ration. Each visualization supports key statistics, including peak
intensity, mean, standard deviation, area under the curve (AUC),
and signal-to-noise ratio[1] (SNR) as shown in Figure 1, making
feature-level understanding and comparison accessible and interac-
tive.

Different Metrics reasoning

Full Width At Half Maximum (FWHM) measures the line broad-
ening and how the peak is formed. Narrower peaks typically in-
dicate better spectral quality, it is a qualitative measure. Sig-
nal To Noise Ratio (SNR) Determines how well can a signal be
interpreted;[ 1], SNR values below 3 to 5 are agreed to be too low
for significant measurements [4], and depending on the sample, big-
ger values are needed. Symmetry analyses how well formed a peak
is, and is also a quality measure of the signal.

Selection tools

Users can dynamically filter data by metabolite, subject, or
chemical shift tolerance (ppm), with a tunable range from 0.025 to
0.075. These filters enable targeted analysis across all visualization
modes.

Spectral Visualization and Alignment

Spectral plots are available for both single-subject and cohort-
wide views. PCr-based chemical shift correction is applied to re-
solve positional inconsistencies in peak locations. Testing revealed
peak misalignment in some subjects (e.g., 6 and 12) where PCr
peaks did not align with the O ppm reference. Visual inspection of
the provided CSV confirmed that correction was not pre-applied,
motivating the inclusion of a PCr-based alignment step. This stan-
dard yet critical correction step ensures accurate downstream anal-
ysis.

Feature Table and Metrics
An interactive metabolite feature table presents both subject-
specific and group-average metrics. Extracted features include peak



intensity, mean intensity, AUC (Area under Curve), FWHM (full
width at half maximum), SNR (Signal To Noise Ratio), and a cus-
tom symmetry metric. The table updates in real time with user
selections and PPM window adjustments.

Group Distributions and Outlier Analysis

Boxplots, violin plots, and bar graphs illustrate the distribution
of metabolite features across subjects. Hover interactions reveal
subject-level details, allowing users to identify trends, deviations,
and outliers within the group.

Clustering and Dimensionality Reduction

Figure 2: 3D clustering with User-selected information

To uncover latent patterns in the data, the application includes
both 2D and 3D projections using Principal Component Analysis
(PCA). These can be based on raw spectra or selected features
above the desired dimensionality of the plot. KMeans clustering
with silhouette-based optimal overlays is used to identify separa-
ble subgroups as shown in figure 2, with all plots being interactive,
with subject IDs and cluster membership available on hover.

Metabolite Comparison and Ratio Analysis

Figure 3: Subjects x Single Metabolite Analysis: SNR

Users can compare the behavior of a selected metabolite across
all or chosen subjects such as shown in figure 3. Additionally,
the metabolite ratio module (e.g., Pi/PCr) visualizes bar, box,
and violin plots for ratio-based comparisons, enabling insight into
metabolic balance across individuals.

Correlation Analysis

A correlation heatmap visualizes inter-subject relationships
based on metabolite features, helping reveal similar metabolic pro-
files and subject clusters.

4 DESIGN JUSTIFICATION AND VISUALIZATION THEORY

The interface was designed with progressive disclosure principles
to minimize the cognitive load by separating tasks into scrollable
and toggleable sections. A consistent visual grammar—such as
fixed axis scales, consistent color mappings, and deliberate spatial
separation—enhances interpretability. The dropdown-driven Ul re-
duces visual clutter while preserving user agency and control.
Linked views are deliberately limited to core controls (subject,
metabolite, and PPM selection) and table-to-plot interactions. This
decision was guided by usability and performance concerns, bal-
ancing interactivity with interface simplicity and responsiveness.

5 PERFORMANCE

The application performs well with the real-world dataset provided
for the BioVis Redesign Challenge. Although preprocessing and
feature extraction are heavy tasks (especially for larger files), in-
teractive features such as spectrum visualization and table updates
remain responsive. For the scope of the challenge and the volume
of data used, overall performance is acceptable and does not hinder
the workflow.

6 CONCLUSION AND FUTURE WORK

Our tool enables in-depth exploration of MRS data through interac-
tive, useful, and grounded visualizations. The main core redesign
goals were addressed by integrating preprocessing, feature extrac-
tion, and intuitive visualization techniques within a clean and re-
sponsive interface. While CSV export and more advanced features
could be added in future works, the current implementation suc-
cessfully meets the challenge scope and the 31P-MRS investigation
goals.
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