
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Kyriacou, P. A. (2026). Standardizing photoplethysmography (PPG) for 
clinical-grade wearable sensing. Biomedical Signal Processing and Control, 127, 
110991. doi: 10.1016/j.bspc.2026.110991 

This is the published version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/38184/

Link to published version: https://doi.org/10.1016/j.bspc.2026.110991

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


Short communication

Standardizing photoplethysmography (PPG) for clinical-grade 
wearable sensing

Panicos A. Kyriacou
Research Centre for Biomedical Engineering, City St George’s University of London, UK

A R T I C L E  I N F O

Keywords:
Photoplethysmography (PPG)
Standardization
Regulation
Wearables
Clinical translation

A B S T R A C T

Photoplethysmography (PPG) underpins a rapidly expanding ecosystem of wearable devices that promise 
continuous, non-invasive cardiovascular monitoring. Yet, despite widespread adoption, the field lacks consensus 
on how PPG signals should be acquired, processed, validated, and reported. This fragmentation limits repro
ducibility, obscures performance claims, and hinders clinical translation. We argue that standardization across 
the PPG pipeline, from hardware design to algorithmic interpretation, is essential for transforming wearable 
optical sensing from a consumer technology into a clinically trusted modality. We outline key sources of vari
ability, identify critical gaps in current practice, and propose a coordinated roadmap to enable reproducible 
science, regulatory clarity, and equitable deployment.

1. Introduction

Photoplethysmography has, over the past decade, evolved from a 
relatively niche optical measurement technique into one of the most 
pervasive sensing modalities in modern healthcare [1]. Its integration 
into consumer electronics, including smartphones, smartwatches, and 
smart rings, has enabled continuous and unobtrusive monitoring of 
cardiovascular dynamics at a scale previously unimaginable [2–4]. At 
the same time, clinical-grade monitors continue to rely on PPG for vital 
sign assessment, particularly in pulse oximetry. This convergence of 
consumer and clinical domains has created both an unprecedented op
portunity and a significant challenge.

The opportunity lies in the potential of PPG to support continuous, 
longitudinal health monitoring beyond traditional clinical environ
ments. The ability to capture physiological data in free-living conditions 
opens pathways for early disease detection, remote patient monitoring, 
and personalized healthcare. Increasingly sophisticated signal process
ing techniques and machine learning approaches are extending the 
scope of PPG-derived metrics beyond heart rate and oxygen saturation 
to include estimates of blood pressure, arterial stiffness, respiratory rate, 
autonomic nervous system activity, and even surrogate markers of 
vascular health.

However, this rapid expansion has outpaced the development of 
shared standards and methodological rigor. As a result, the PPG land
scape is characterized by fragmentation at almost every stage of the 
measurement pipeline. Many devices differ substantially in their optical 

and electronic design, acquisition protocols vary widely across studies, 
and signal processing approaches are often inconsistent or opaque. This 
lack of harmonization creates a disconnect between technological 
capability and clinical reliability. Without standardization, the field 
risks generating results that are difficult to reproduce, compare, or 
interpret in a clinically meaningful context 5,6.

2. A fragmented measurement paradigm

At a fundamental level, PPG is conceptually simple: light emitted 
into biological tissue is modulated by changes in blood volume, and 
these modulations are detected as a pulsatile signal [1]. Yet, the 
simplicity of this principle belies the complexity of real-world mea
surement. The PPG waveform is influenced by a multitude of interacting 
factors, spanning optical physics, tissue physiology, sensor design, and 
environmental conditions.

Hardware variability is a primary contributor to this complexity. The 
choice of illumination wavelength, for example, fundamentally affects 
the origin and characteristics of the measured signal. Green light, 
commonly used in wrist-worn devices, predominantly samples superfi
cial microvascular networks and is more robust to motion artefacts. In 
contrast, red and infrared wavelengths penetrate deeper into tissue, 
enabling access to larger vascular beds and forming the basis for oxygen 
saturation measurements. Differences in emitter–detector spacing, 
sensor geometry, and optical coupling further influence signal 
morphology, amplitude, and susceptibility to artefacts [1,2].
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Despite their importance, these parameters are often underreported 
or inconsistently described in the literature. Without detailed charac
terization of the optical front end (OFE) and analogue front end (AFE), it 
becomes difficult to interpret differences between studies or replicate 
experimental findings. Even small variations in hardware configuration 
can lead to significant changes in signal characteristics, yet these effects 
are rarely systematically investigated.

Measurement conditions introduce an additional layer of variability. 
Motion artefacts remain one of the most significant challenges in 
wearable PPG, particularly in ambulatory settings. Physical activity, 
changes in posture, and external perturbations can introduce noise and 
distortions that obscure the underlying physiological signal. Ambient 
light interference, sensor displacement, and variations in contact pres
sure further complicate signal acquisition.

Physiological variability is equally important. Skin tone, tissue 
composition, vascular anatomy, and local perfusion all influence the 
PPG signal. These factors are not merely sources of noise but reflect 
meaningful biological diversity that must be accounted for in both de
vice design and algorithm development [2]. Failure to consider such 
variability risks introducing systematic bias, particularly across different 
demographic groups, raising concerns about equity and generalizability.

Beyond acquisition, substantial heterogeneity exists in signal pro
cessing and analysis. Filtering strategies, peak detection algorithms, 
feature extraction methods, and approaches to artefact rejection vary 
widely across studies. The increasing use of machine learning adds 
further complexity, as models are often trained on proprietary datasets 
and lack transparency in both design and evaluation [7,8]. Even when 
similar metrics are reported, differences in algorithmic implementation 
can lead to divergent results, complicating comparison and 
interpretation.

3. Consequences for reproducibility and translation

The absence of standardization across the PPG pipeline has several 
important consequences. Foremost among these is the challenge of 
reproducibility. In many cases, discrepancies between reported findings 
can be attributed not to physiological differences but to variations in 
methodology. Without clear and consistent reporting of acquisition 
parameters and processing techniques, it becomes difficult to disen
tangle these effects. This undermines confidence in published results and 
slows the accumulation of reliable scientific knowledge.

A second major consequence is the barrier to clinical translation. For 
PPG-based technologies to be adopted in clinical practice, they must 
demonstrate accuracy, reliability, and generalizability across diverse 
populations and use cases. Regulatory bodies require robust evidence 
supported by standardized validation frameworks, including clearly 
defined reference standards, appropriate statistical metrics, and well- 
characterized study populations.

At present, such frameworks are lacking. Studies often use different 
reference modalities, such as electrocardiography or invasive measure
ments, without consistent justification or alignment. Error metrics are 
reported inconsistently, and population diversity is frequently limited. 
This makes it challenging for regulators to assess performance claims 
and for clinicians to interpret the clinical relevance of PPG-derived 
metrics.

The resulting uncertainty contributes to delays in regulatory 
approval and limits the integration of wearable technologies into 
healthcare systems. Even when devices are approved for specific ap
plications, their broader use is often constrained by concerns about 
reliability and interpretability.

A third consequence is the erosion of trust among both clinicians and 
users. Wearable devices are increasingly marketed as tools for health 
monitoring and decision-making. However, inconsistent performance 
across devices, contexts, and populations risks undermining confidence 
in these technologies. This is particularly problematic when devices 
provide estimates of complex physiological parameters that have not 

been rigorously validated.
Trust is a critical component of clinical adoption. Without it, even 

technically advanced systems may fail to achieve meaningful impact. 
Standardization, by enabling transparency and comparability, plays a 
key role in building and maintaining this trust.

4. From consumer sensing to clinical infrastructure

For PPG-based wearable technologies to transition from consumer- 
oriented devices to components of clinical infrastructure, a shift in 
perspective is required. Standardization should not be viewed as a 
constraint that limits innovation, but rather as an enabling framework 
that ensures new developments are robust, comparable, and clinically 
meaningful.

We identify four priority domains for standardization.
First, hardware and reporting. There is a clear need for minimum 

reporting standards that capture key aspects of device design and 
operation. These should include, at a minimum, illumination wave
length(s), sampling frequency, sensor geometry, emitter–detector 
spacing, and measurement site. Additional parameters, such as contact 
pressure and calibration procedures, may also be relevant. Transparent 
reporting of these factors would significantly enhance reproducibility 
and facilitate comparison across studies.

Second, signal quality and acquisition protocols. The field 
currently lacks consensus on how to define and quantify PPG signal 
quality [9]. The development of standardized signal quality indices, 
validated across different devices and populations, would provide a 
common framework for assessing data reliability. In parallel, agreed 
acquisition protocols should be established, specifying conditions such 
as subject posture, measurement duration, motion constraints, and 
environmental factors. While flexibility will be necessary for different 
applications, baseline standards would improve consistency and 
interpretability.

Third, algorithmic transparency and benchmarking. As machine 
learning becomes increasingly central to PPG analysis, the need for 
transparency and reproducibility becomes more acute. Shared datasets 
that capture real-world variability, including motion artefacts and 
diverse populations, are essential for robust model development and 
evaluation. Reference implementations of key algorithms, along with 
standardized evaluation metrics, would enable meaningful bench
marking and accelerate progress across the field.

Fourth, validation frameworks. Harmonized validation standards 
are critical for clinical translation. These should define appropriate 
reference modalities for different applications, establish acceptable 
error thresholds, and specify requirements for population diversity and 
study design. Importantly, validation should extend beyond controlled 
laboratory conditions to include real-world scenarios, reflecting the 
environments in which wearable devices are intended to operate.

5. A coordinated path forward

Achieving meaningful standardization will require coordinated ac
tion across multiple stakeholders, including academia, industry, regu
latory bodies, and standards organizations. Collaboration will be 
essential to balance the need for rigor with the flexibility required to 
support innovation.

International working groups should be established to develop 
consensus standards, drawing on expertise from across disciplines. 
These groups can play a central role in defining reporting guidelines, 
validation frameworks, and best practices for data acquisition and 
analysis.

The development of open, high-quality datasets is another critical 
priority. Such datasets should be designed to capture the diversity and 
complexity of real-world PPG signals, including variations in physi
ology, environment, and device characteristics. Open access to these 
resources would support reproducible research and enable more robust 
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evaluation of new methods.
Journals also have an important role to play. By mandating trans

parent reporting and adherence to emerging standards, they can drive 
improvements in methodological rigor and reproducibility. Similarly, 
regulatory bodies can incorporate standardized validation requirements 
into approval processes, providing clear expectations for developers and 
facilitating more efficient evaluation.

6. An inflection point for wearable sensing

PPG-based wearable technologies are at a critical inflection point. 
The foundations for widespread adoption are already in place, with 
millions of devices in daily use and a growing body of research 
demonstrating their potential. Yet, without concerted efforts to address 
fragmentation and inconsistency, this potential may not be fully 
realized.

The risks are clear. Continued heterogeneity in methods and 
reporting will limit reproducibility, slow clinical translation, and un
dermine trust. At the same time, over-interpretation of poorly validated 
metrics could lead to inappropriate use and unintended consequences.

The path forward is equally clear. By establishing shared standards 
across the PPG pipeline, the community can move beyond isolated 
demonstrations toward a coherent and reliable framework for wearable 
sensing. Standardization will enable meaningful comparison of results, 
support regulatory approval, and build confidence among clinicians and 
users.

Ultimately, the goal is not merely to improve the technical perfor
mance of PPG systems, but to ensure that they deliver clinically 
actionable insights that benefit patients and populations. Achieving this 
goal will require sustained effort, collaboration, and a commitment to 
transparency and rigor.

The transition from consumer sensing to clinical infrastructure is 
both a challenge and an opportunity. With appropriate standardization, 
PPG has the potential to become a cornerstone of digital health, enabling 
continuous, non-invasive monitoring that transforms the way healthcare 
is delivered. Without it, the field risks remaining fragmented, with 
limited impact despite its considerable promise.
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