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Fig.1 Multi-wavelength PPG signal
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Fig. 2 Basic principle diagram of dynamic spectrum extraction from PPG signal
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Fig.3 Schematic diagram of non—invasive detection of hemoglobin based on multi-wavelength PPG signals
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Fig. 4 The latest progress of noninvasive hemoglobin detection based on PPG/DS technology
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Table 1 Representative performance indicators of non—invasive hemoglobin detection based on PPG/DS technology
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Fig. 5 Principle flowchart of color analysis/RGB imaging
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Fig. 6 The latest progress of noninvasive hemoglobin detection based on color analysis/RGB imaging
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Table 2 Representative performance indicators of non—invasive hemoglobin detection based on color analysis/RGB imaging
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Table 3 Summary of non—invasive hemoglobin detection methods based on optical principles
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Abstract Hemoglobin (Hb) concentration is a key clinical biomarker for diagnosing and managing anemia,
ischemic stroke, perioperative blood loss, and chronic diseases such as renal failure. Traditional venous blood
sampling remains the gold standard due to its high accuracy, but its invasive nature limits frequent testing, real
time monitoring, and large scale screening. This has driven growing interest in non-invasive Hb detection
technologies over the past decade. Among these, optical methods are the most promising because of their safety,
potential for continuous monitoring, and compatibility with portable or wearable devices. This paper

systematically reviews major advances in optical non invasive Hb detection from the last ten years. We focus on

# This work was supported by grants from Guangxi Natural Science Foundation (2025JJH170115), Guangxi University Young and Middle-aged
Teachers’ Scientific Research Basic Ability Improvement Project (2023KY0705), and Scientific Research Project of Wuzhou University (2023C009).
#% Corresponding author.

Tel: 86-774-5825722, E-mail: yujianhai@alu.hit.edu.cn

Received: March 11, 2026  Accepted: April 28, 2026



<1580+ EMUESEYYIEHRE  Prog. Biochem. Biophys. 20265 53 (6)

near-infrared spectroscopy branches—photoplethysmography (PPG) and dynamic spectrum (DS)—and also cover
color analysis/RGB imaging, Raman spectroscopy, and photoacoustic spectroscopy. For each technology, we
explain its detection principles, analyze advantages and limitations, and summarize optimization strategies
reported in recent literature. PPG, based on pulsatile blood volume changes, underpins many commercial
continuous monitors. However, its accuracy is constrained by motion artifacts, individual physiological variations
(e.g., skin tone, tissue thickness), and low AC signal to noise ratio. In contrast, DS—an advanced derivative of
PPG—uses a differential principle to extract absorbance changes between systolic and diastolic peaks. This
theoretically eliminates interference from static tissues (skin, bone, venous blood) and common mode noise (e.g.,
ambient light), positioning DS as a more robust framework for high precision Hb quantification. Beyond spectral
methods, color analysis/RGB imaging offers a hardware minimalist approach. By analyzing images of vascular
rich, thin tissues (e.g., conjunctiva, nail beds, palms), it enables Hb estimation using smartphone cameras. Recent
advances have shifted from manual RGB feature extraction to deep learning models and spectral super resolution
that reconstruct hyperspectral data from RGB inputs, significantly improving screening accuracy. Our academic
perspective emphasizes critical and integrative analysis. We highlight persistent challenges that hinder clinical
translation: profound individual biological variability (skin optics, microvascular architecture), sensitivity to
measurement conditions (pressure, ambient light), and a lack of standardized validation protocols and multi center
trials. A central thesis is that no single optical method is universally superior; each involves trade offs between
accuracy, complexity, cost, and practicality. Looking forward, we posit that the next performance leap will come
from multimodal information fusion—combining PPG, electrocardiogram (ECG), bioimpedance, or different
optical modalities to compensate for individual differences and environmental noise. Al and deep learning are
essential not only for image analysis but also for automated, end to end feature extraction from complex
waveforms like PPG sequences. Advancing hardware (tunable lasers, quantum dot LEDs, novel sensor designs) is
crucial to improve signal fidelity and portability. Finally, we advocate for clinical scenario specific optimization
and rigorous standardized evaluation frameworks to gain regulatory approval (e.g., FDA, NMPA) and achieve
widespread clinical acceptance. In conclusion, this review synthesizes a decade of progress. Optical non-invasive
Hb detection has evolved from proof of concept studies to emerging products and validated screening tools, but
the journey toward reliable, clinic ready quantitative devices continues. The convergence of smarter algorithms,
fused sensing modalities, and focused clinical validation offers the most promising path to transform this potential
into routine medical practice, ultimately enabling personalized, continuous, and accessible hematological

management.
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