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BACKGROUND

Non-invasive hemoglobin (Hb)
measurement offers a painless
alternative to blood sampling
for anemia screening and

®

continuous monitoring.

OBJECTIVE

To systematically review recent
advances in spectroscopy and
optical sensors for non-invasive
Hb measurement, including
technologies, algorithms,
validation, and performance.

METHODS

e PRISMA 2020 guideline
e Literature 2015-2025

e Search in major databases
+ citation chaining

® 365 candidate — 344 relevant
- 213 highly relevant studies
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FOUR MAJOR TECHNOLOGY CATEGORIES

Multi-wavelength
Photoplethysmography
PPG-based systems using multiple
wavelengths for Hb estimation.

Spectroscopy &

Hyperspectral Imaging
Reflectance/absorbance spectroscopy
and hyperspectral imaging approaches.

Smartphone-based

. 19.7%
Imaging

Camera-based solutions leveraging
ambient light and Al algorithms.

Calibration & Robustness &
Strategies 12.7%

Methods to improve accuracy across
skin tones, sites, and conditions.

KEY FINDINGS

MAE as low as RMSE
0.25 g/dL 0.81-1.88 g/dL

<— > Excellence
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37.6%

30.0%

Al &
Physics-based
Models

© g

ML - Deep Learning
- Optical Models

Optical Signals
from Tissue

« Absorption - Scattering
+ Reflection

oe®e éé
|
Key Challenges:

Skin pigmentation, motion
artifacts, illumination variability,
site differences, calibration
transferability

Diagnostic Accuracy

>99%

(in controlled studies)

Correlation (r)

upto 0.987

Impact for
Sustainability

Research &
Innovation

Hb Estimation
‘ v/ Continuous

Non-invasive

v
v/ Real-time
v

Point-of-Care

CONCLUSION

Spectroscopy integrated with
artificial intelligence shows strong
potential for non-invasive Hb
assessment. Standardized protocols,
multicenter studies, and improved
robustness across diverse
populations are essential for
widespread clinical adoption.

* Corresponding authors:
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irzaman@apps.ipb.ac.id
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INTRODUCTION ‘

. . EVOLUTION OF OPTICAL APPROACH
The Need for Non-Invasive Hemoglobin Measurement

.
L

BACKGROUND

Hemoglobin (Hb) measurement is essential for anemia screening,

diagnosis, and monitoring. Conventional methods rely on invasive
blood sampling, which can be painful, time-consuming, PHOTOPLETHYSMOGRAPHY SPECTROSCOPY & SMARTPHONE &
resource-intensive, and less suitable for frequent or continuous (PPG) HYPERSPECTRAL IMAGING PORTABLE DEVICES

Al & ADVANCED MODELS

Enhancing accuracy and

monitoring. Early non-invasive monitoring Provides detailed spectral Expanding accessibility robustness through machine
using light absorption information to estimate through mobile and learning and physics-based
changes in blood volume. Hb concentration. low-cost platforms. approaches.

WHY IT MATTERS

A rapid, accurate, and non-invasive Hb measurement can
transform healthcare by enabling point-of-care testing,
continuous monitoring, and wider access—especially in
resource-limited settings.

OUR GOAL

This systematic review synthesizes technological advances in
spectroscopy and optical sensors for non-invasive hemoglobin

measurement, highlighting current achievements, challenges,
and opportunities for future research and clinical impact.
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Science for Society % Innovation 75 Sustainability —



Investing in Knowledge,

'PB UﬂlveFSIty “‘% lpd p : Empowering the Future

— Bogor Indonesia — lembaga pengelola < ~
dana pendidikan

F——~ =
UNIVERSITAS

BINAWAN

METHODS |

. .
Systematic Review Approach

'% Records identified from: Records removed before screening: Records ilentifted from:
) . ; ) ) g Databases (n = 270,000,000+) —_ Duplicates removed Citation chaining (n = 45)
I { View w. u I wi @ egisters (n = n =
This systematic review was conducted in accordance with the § Registers (n = 320) (n=0)
idali 2
PRISMA 2020 guidelines. — - ‘ —
SEARCH STRATEGY Records screened Records excluded
* Five search queries executed independently 2 (n = 320) » (n = 11,506)
* Deep Review academic database (indexed >270 million publications) g ‘
* Publication filter: 2015-2025 g
[ Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
STUDY IDENTIFICATION (n = 308) » (n = 11,054) (n = 45) (n=0)
% * Initial search identified 320 potentially relevant articles
* Backward and forward citation chaining performed
Additional 45 records identified through citation chaini Reports excluded
2 o FRCOICs IContllied SHotgh craton ceinng Reports assessed for eligibility (n = 43) Reports assessed for eligibility Reports excluded
ELIGIBILITY CRITERIA (n = 256) Not relevant / not eligible (n = 45) (n=0)
Inclusion based on relevance to non-invasive hemoglobin (n = 43)
measurement using spectroscopy and optical sensors, in vivo

human studies, algorithm/validation reports, and clinical

performance data. E New studies included in review
=l (n = 213) <
SCREENING & SELECTION g b
£ Reports of included studies
¢ 365 candidate studies screened (n=213)
* 344 studies classified as relevant
¢ 213 studies identified as highly relevant and included in ESEn =z 2 S e e SRR - RS e e e 2
qualitative synthesis { ) 3
TR DATA EXTRACTION ; 365 i ‘ 344 i 213 | /e®e \ Qualitative |
’r 5§ Extracted information on sensing technology, optical principles, i Candidate Studies () Relevant Studies H Highly Relevant o ) Synthesis !
i algorithms, confounder mitigation, validation methods, : (320 + 45) Studies Included ;
e Wreadll S2l and diagnostic performance. \ ' '
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STUDY INCLUSION (2015-2025)
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344

@ ) -
Relevant

21 3
Studies

Candidate
Studies

Highly Relevant
Included

Followed PRISMA 2020 Guidelines

METHODS & ALGORITHMS

Machine Learning

Spectroscopic Wearable / Mobile

« CNN Techniques Platforms
« SVR * UV-Vis-NIR + Portable sensors
* XGBoost + Diffuse Reflectance * loT integration

« Vision Transformers + Hyperspectral

non-invasive hemoglobin measurement closer to practical, reliable, and equitable healthcare solutions.
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TECHNOLOGY CATEGORIES

Multi-wavelength

KEY PERFORMANCE HIGHLIGHTS

Hyperspectral Imaging

30.0%
) Smartphone-based
Imaging

Correlation (r)

(TP
L2 w00.987

19.7%
30.0%

Calibration & Robustness
Strategies 12.7%

HA

Photoplethysmography MAE (best) RMSE (range)
(PPG) 37.6% 0.25 o 81 - 1 88
Spectroscopy & g/dL g/dL

Diagnostic Accuracy

> 99%

(controlled conditions)

Spectroscopy + Al shows strong potential for () Population diversity

accurate non-invasive Hb estimation.

At

Validation
Approaches

lllumination & motion artifacts
Performance is influenced by skin pigmentation,

motion, illumination, and measurement site. Cross-device calibration transferability

« Clinical datasets
« Phantom studies
* Cross-device tests

Need for standardized validation, multicenter studies, Dataset heterogeneity

and robust calibration for real-world application.

Our review highlights significant advances and emerging opportunities to bring

)
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DISCUSSION

¥ Interpreting Advances, Challenges, and Future Directions °

Population Diversity

STRENGTHS & LIMITATIONS
Skin pigmentation and anatomical differences affect

optical signals and model generalizability.
4 o STRENGTHS 0 LIMITATIONS
A 2 Motion & lllumination Artifacts
Diverse technologies Performance drops in Movement and varying light conditions remain major

and large body of real-world, uncontrolled sources of error in practical use.
Strong Progress Spectroscopy Leads Mobile & Accessible Al as a Game Changer evidence (213 highly environments.

relevant studies). il M Site Variabili

Significant improvements in Spectroscopy and Smartphone-based solutions  Machine leaming and deep * Heterogeneity in datasets, ™ easurement Site Variability

e o . * Integration of physics- devices, and validation G Different sites and contact pressures influence
accuracy and robustness hyperspectral imaging expand accessibility and learning models capture % %

based models with Al methods. optical pathlength and accuracy.

demonstrate the maturity of provide richer spectral point-of-care potential, complex patterns and

improves reliability.

tical . Binedwith:| i bli e tiicebaied Limited multicenter . g D
optical sensing combined wi information, enabling more in physics-ba: High diagnostic Sinical studies and / Calibration & Standardization
| .

Lack of standardized protocols hinders device
comparison and clinical adoption.

Al for Hb estimation. accurate Hb quantification. limited settings. optical models. accuracy reported population diversity.

under controlled

Calibration transferability

remaingachallengs: @ Clinical Validation Gap

Need for large-scale, multicenter trials with diverse
IMPLICATIONS FUTURE DIRECTIONS populations and real-world validation.
1 1 y . . e i
@ l.\ Multicenter, multi-ethnic, real-world clinical studies. OVERALL TAKEAWAY

conditions.

O Standardization of devices, p Is, and d ‘ ‘ Spectroscopy integrated with artificial intelligence

For Healthcare For Technology For Society For Policy has achieved remarkable progress toward accurate
Enables ive, Drives i ion in Expands access to Supports guideline ;:} Hybrid models combining physics-based and Al app s non-invasive hemoglobin measurement.

continuous, and portable sp Y. iagnosti o ' e = However, bridging the gap between controlled A
P friendly Hb and Al andisupports public standardizationy; snd noﬂ Nel.fgefnera"onfsen;:.r st improvedisteblity;end performance and real-world applicability requires /

monitoring and models for robust health initiatives regulatory pafhways calibration transferability. C robustivalidation and mchisive 3 4 )
Sasmia scresnng. performance. globaly. foF adoption; o Integration with digital health platforms and loT for research across diverse populations. , , / N ( /

continuous monitoring.
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THANK YOU

FOR YOUR ATTENTION

Together, through innovation in spectroscopy and optical sensors,
we move closer to accurate, accessible, and equitable
non-invasive hemoglobin measurement for better health outcomes.

\
Q@ © 23 4f] YV

STRONG POTENTIAL ACCURACY & ROBUSTNESS STANDARDIZATION COLLABORATION BETTER IMPACT

Spectroscopy and optical Advances in technology and Standardized validation Interdisciplinary collaboration Our work contributes to
sensors show excellent Al improve accuracy, yet protocols and multicenter between academia, industry, better health outcomes
potential for non-invasive robustness across diverse studies are essential for and healthcare is crucial to and a more inclusive i
Hb assessment. populations remains key. clinical adoption. translate innovation. healthcare future.

» Let’s continue turning science and technology
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