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ABSTRACT
Spectroradiometers are optical instruments that measure wavelength-resolved electromagnetic radiation and have transitioned from atmospheric and material analysis to critical roles in medical diagnostics and biomedical research with advances in photonics and computation. This review summarizes their operating principles, instrumentation, and clinical applications, focusing on non-invasive diagnostics, therapeutic monitoring, and research applications such as hyperspectral imaging, tissue optics, and artificial intelligence (AI)-assisted analysis. A systematic review of approximately 210 peer-reviewed studies published between 2005 and 2025 was conducted following structured database searches and predefined inclusion criteria. The review spans oncology, dermatology, ophthalmology, and emerging biomedical domains emphasizing instrument design, detection strategies, multimodal implementations, and clinical validation. Spectroradiometers enable quantitative, real-time tissue assessment through reflectance, transmittance, and fluorescence measurements, supporting applications including cancer detection, intraoperative margin mapping, phototherapy dosimetry, and wearable physiological monitoring. AI integration enhances diagnostic accuracy and biomarker discovery, with clinical studies demonstrating high sensitivity and specificity, despite challenges related to cost, complexity, calibration, and tissue penetration. Continued miniaturization, multimodal integration, and standardized protocols are expected to accelerate clinical adoption in precision and personalized medicine.
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1. Introduction
Spectroradiometers play a crucial role in the field of optical science in the measurement of spectral power distribution over a wide wavelength (Scotford & Miller, 2005). Their measurement of light intensity in wavelength has developed medicine, and it has extended its usage in material science and atmospheric sciences as well as complex medical diagnosis and biomedical studies (Yun and Kwok, 2017). This spectral capability has been the catalyst of optical tissue diagnostics, disease surveillance, and therapy guidance (Yun & Kwok, 2017). By 2025, the Global spectroradiometer market is estimated at USD200 million, and it is projecting a growth rate of compound annual growth rate (CAGR) of about 5-6% until the next decade (Marketresearch.com, 2025). Its market growth is mainly propelled by higher adoption in the life sciences, clinical diagnostics, as well as biomedical research (Grandviewresearch.com, 2026). In applications, leading are North America and Europe (LED calibration, surgical guidance, and tissue analytics), and Asia-Pacific is growing rapidly thanks to its investments in smart medical devices and clinical validation and its strong medical technology infrastructure is aided by government efforts. Hyperspectral and spectroradiometric imaging is extensively used in oncology, dermatology, and ophthalmology, where it can be used to improve the diagnosis of diseases at an early stage, the functioning of the operating room, and non-invasive monitoring (Zhang et al, 2020). 
Spectroradiometers have gained significant attention in medical diagnostics and biomedical research due to their ability to capture detailed spectral information related to the biochemical and structural properties of biological tissues. Prior studies report their effective use in non-invasive diagnostics, particularly in cancer detection, skin lesion analysis, and tissue oxygenation assessment, where subtle spectral variations indicate pathological changes (Lu & Fei, 2014). Spectroradiometric techniques have also been widely applied in wound healing assessment, blood analysis, and monitoring physiological parameters such as hemoglobin concentration and oxygen saturation (Jacques, 2013). Recent advancements emphasize the integration of spectroradiometers with imaging systems and machine learning algorithms to enhance diagnostic accuracy and automate spectral interpretation (Halicek et al, 2019). In biomedical research, these instruments support cellular characterization, biomolecular analysis, and evaluation of therapeutic efficacy. Collectively, the literature highlights spectroradiometers as robust, data-driven tools that contribute to early diagnosis, precision medicine, and translational biomedical research. Although spectroradiometers provide high-resolution spectral characterization of biological tissues, their routine clinical adoption is constrained by limited standardization, insufficient large-scale clinical validation, and challenges in integrating complex spectral data into healthcare workflows. These limitations are more pronounced in developing healthcare systems, where cost, accessibility, and regulatory validation remain significant barriers (Jacques SL, 2013; Yun Y, Kwok SJ, 2017; Abdi et al, 2023). Existing literature reveals gaps in population-level clinical validation, standardized spectral databases, and universally accepted diagnostic protocols. Furthermore, the clinical interpretability of AI-based spectral models and the long-term performance of portable, low-cost spectroradiometric systems remain underexplored, particularly in resource-limited settings such as India (Halicek et al, 2019; Boroujeni et al, 2024; ICMR, 2026).
The world is increasing in pace of developing and converting to clinical use spectroradiometer-based instruments due to research partnerships and investments in AI-powered analytics (Boroujeni et al, 2024). The use of spectroradiometers in medical research has also become a trend in India, especially in dermatology (such as melanoma detection), the calibration of phototherapy (treatment of vitiligo), and noninvasive physiology (Abdi et al, 2023). Even the institutions like the Indian Council of Medical Research (ICMR) and the top colleges of medicine are starting to introduce pilot studies on population screening and validation of a device (ICMR.gov.in, 2026). Local innovation in spectroradiometric systems, especially portable and affordable, is in progress as efforts towards portable and affordable systems are made, and their integration in urban tertiary care units is increasing in spite of global leaders. This is the synthesis of the principles, operational technologies and clinical applications of spectroradiometers during global and national developments (Shoaib et al, 2025). It is a practical tool that can be utilized by clinicians, researchers and policymakers seeking spectroradiometric technologies in precision medicine and biomedical studies. Critical analysis is concerned with advances in noninvasive diagnostics and tissue optics, phototherapy guidance and AI integration. The objective of this review is the evaluate the principles, technological advancements, clinical applications, and translational challenges of spectroradiometers in medical diagnostics and biomedical research, with the goal of identifying pathways for standardizes, scalable, and AI-integrated deployment in precision healthcare. 

2. Methodology
A systematic review of approximately 210 peer-reviewed studies published between 2005 and 2025 was conducted using structured database searches and predefined inclusion criteria, encompassing oncology, dermatology, ophthalmology, and emerging biomedical domains. The review prioritized peer-reviewed journal articles, conference proceedings, and authoritative reports particularly from the last decade to capture advances in spectroradiometer principles, calibration procedures, biomedical applications, and computational integration. Search terms included spectroradiometer medical applications, hyperspectral imaging, and biomedical optical spectroscopy, with specific emphasis on studies detailing measurement methodologies, instrument calibration, and clinical validation metrics such as diagnostic accuracy, sensitivity, and specificity. Global and regional research trends were analyzed to contextualize technological adoption, while thematic and qualitative synthesis of experimental studies, case reports, and technology assessment of device physics, clinical evidence, and practical deployment considerations, while also identifying emerging analytical trends shaping future clinical translation.

3. Results
3.1. Spectroradiometer Instrument
The spectroradiometers are accurate in their measurements of the intensity of electromagnetic radiations at specific wavelengths, and have been used in atmospheric studies, remote sensing and materials research in monitoring solar radiations, detecting pollutants and analyzing optical characteristics. Their growing role in medicine is because of photonics-healthcare convergence which allows detailed spectral data on the interactions of light-tissue to be used in noninvasive diagnostics, tissue characterization and therapeutic monitoring (Guzzi et al, 1985). Based on the principles of spectroradiometry, Hyperspectral imaging differentiates normal and malignant tissues using distinct spectral principles, and has demonstrated effective use in cancer detection, retinal oxygenation and intraoperative guidance, this review summarizes recent innovations in these medical uses (Table.2) (Zhang et al, 2020).

3.1.1. The Principles of Spectroradiometer: A spectroradiometer is a device used to measure the intensity of light by varying wavelengths by passing light on a substance or sample through input optics into a small opening known as an entrance slit which helps regulate the amount and resolution of light (Scotford and Miller, 2005). A diffraction grating or prism collimates the light and separates it into its spectral components which are focused onto a detector array, usually a CCD which records the intensity at wavelengths to create a spectral power distribution. The calibration provides the correct intensity and the wavelength. It is a process that facilitates quantitative spectroscopic analysis, which is detailed and necessary in various areas in lighting, material science and biomedical applications (Eshaghi, 2011).

3.2. Important technologies applied in Spectroradiometer for Medical Applications
3.2.1. Silicon-based CCD and CMOS Detectors: The silicon-based charged-coupled devices (CCDs) and complimentary metal-oxide-semiconductor (CMOS) detectors are useful in the UV-visible-NIR range of 400-1000 nm and are highly efficient as a quantum detector in superficial tissue measurements, such as oxygenation imaging. The CMOS back-illuminated developments recently enhance signal to noise ratios, which increases the clinical application (Shalaby et al, 2017).

3.2.2. InGaAs Detectors: Indium gallium arsenide (InGaAs) detectors have sensitivity extending out to 1000-2500 nm short-wave infrared (SWIR) to allow deeper penetration with lipid, water and tumor analysis with less scattering. Dark current reduction is strengthened by cooling innovations, which can be used in the non-invasive glucose monitoring (Laserfocusworld.com, 2004).
 
3.2.3. Fiber Optic Coupling: Fiber-optic technologies allow delivering light with a flexible and minimally invasive light delivery method to bedside and on-wearable diagnostics with ultra-thin probes. The development of a probe design and signal optimization decreases artifacts and enhances spectral accuracy in vivo. Combination with endoscopic systems allows real time surgical spectroscopy and intraoperative tissue characterization (Guang et al, 2025).

3.2.4. [bookmark: _Hlk219900555]Hyperspectral Imaging (HSI): HIS is an imaging technique that uses both spatial and spectral data to create detailed tissue maps that enhance the detection of cancers, evaluation of margins, and the examination of wounds. The recent developments of snapshot acquisition systems and fast spectral unmixing algorithms and deep-learning algorithms allow processing and visualizing images in close to real-time. The developments are enabling clinical translation of HIS as a quantitative, non-invasive diagnostic instrument (Composto et al, 2025). 

3.2.5. [bookmark: _Hlk219900560]AI Integration: Machine learning algorithms, especially CNNs are used to automate spectral pattern recognition to classify tissues and predict diagnostics. New explainable AI capabilities (eg., Grad-CAM SHAP) enhance transparency since they can identify features that motivate model predictions, thus increasing clinical trust and decision-making (Houssein et al, 2025).

3.2.6. Portable and smaller-sized Devices: MEMS-based low-power portable spectral measurement looseness can be utilized to facilitate point-of-care diagnostics and telemedicine in resource-constrained environments. The latest designs consume less power and enhance mechanical durability, thermal stability, and can therefore be deployed in the field and used continuously without the need to be operated in a laboratory setting (Alves et al, 2025). 

3.2.7. [bookmark: _Hlk219900574]Multimodal Imaging Fusion: MRI, CT, PET combines spectral data and molecular and functional data with anatomical high-resolution detail, improving the accuracy of diagnosis in oncology and neurology. Recent progress in multimodal co-registration and image-fusion systems allow focusing accurately the spatial flow between modalities, making it possible to accurately identify tumors, functional maps, and treatment-planning optimization (Alanazi, 2024). 

3.2.8. [bookmark: _Hlk219900579]Indigenous Spectroradiometers: The diagnostic designs of low-cost type are increasingly being nationally designed to meet the needs of the disease profile and healthcare systems of a region, rather than rely on important technologies. More recent efforts are focused on modular and easy to use systems that have simple interfaces and are serviceable to a loyalty service and can scale to disease monitoring as well as be incorporated more widely in resource-limited environments (Kimani et al, 2017). 

3.2.9. [bookmark: _Hlk219900584]Spectral Platforms on the cloud: Cloud-based architectures make it possible to share data securely, scale AI-driven analysis, are remote diagnostics, making it easy to work with telehealth in real-time. The recent architectures embrace encryption, federated learning and data governance frameworks that are regulatory compliant to guarantee patient privacy and cybersecurity and enable collaborative clinical decision-making (Prabhakaran, 2024). 

3.2.10. [bookmark: _Hlk219900589]Wearable Spectroradiometers: AI-based wearables sensor allows measuring tissue oxygenation and metabolic values continuously based on optical and spectroscopic measurements (Pramono, 2023). Recent developments such as these wearables to mobile and cloud applications with AI models that give individual insights, trend analysis, and early warnings to enable proactive and individualized healthcare (Shajari et al, 2023). 

4. Spectral Radiometers in Medicine 
4.1. Imaging and Tissue Characterization Diagnostic
4.1.1. Spectral Analysis in Ultrasonography: Spectral analysis of ultrasonic reflections, not involving optical radiometers, is based on analogue principles. Clinicians can distinguish between tissue types, measure absorptivity, acoustic impedance and velocity dispersion, and can identify pathologies, such as tumors or heterogeneously structured tissues (such as angiomas or melanomas) by studying the frequency-dependent properties of echoes (Lizzi et al, 1976). The spectral signatures offer tissue characterization that cannot be done with the conventional imaging.

4.1.2. [bookmark: _Hlk219900601]The Imaging Spectroscopy to detect Cancer: Hyperspectral Imaging (HIS) is a spectral radiometry technique that uses a combination of spatial and spectral data to differentiate normal and abnormal tissues due to their characteristic reflectance and absorption spectra. In the 420-620 nm range, ex-vivo breast cancer tissues show different spectral responses, which is the characteristic of high-sensitivity and specificity of the classification of malignant and normal tissue. Deep learning and HIS also improve diagnostic accuracy and the value of area under the curve (AUC) of tumor detection can be 0.89 with these two methods (Zahra et al, 2024).

4.1.3. SPECT/CT and Hybrid Imaging: Single-photon emission computed tomography (SPECT) mixed with computed tomography (CT) is a spectral method of data acquisition to enhance localization and characterization of functional data in oncology, endocrinology, orthopedics and cardiology (Israel et al, 2019). SPEC/CT improves diagnostic reliability, facilitates better staging and risk evaluation, and informs management in all kinds of diseases, including cancer and thyroid (Israel et al, 2019).

4.2. Phototherapy and Sterilization
4.2.1. [bookmark: _Hlk219900617]UV Radiometry in Sterilization: UV radiometers are spectral radiometers commonly used in hospitals to monitor the strength of UV sterilization lamps. The proper measure of UV intensity guarantees effective disinfection, which is important in dealing with infections. The instruments are also applied in physiotherapy in fluorescence analysis and quality control of UV-based medical equipment (Linshangtech.com, 2020).

4.3. Non-Invasive Physiological Monitoring
4.3.1. [bookmark: _Hlk219900624]Deep Tissue Sensing Microwave Radiometry: Microwave radiometers, which are GHz, are applied to non-invasive measurements of the internal body temperature and evaluation of tissue perfusion. It has been used in cancer detection, measures of atherosclerosis, and deep tissue temperature measurements, an alternative to traditional thermometry, which is ionizing (Villa et al, 2021).


Table.1. Spectroradiometer Applications in Medical Fields
	Diagnostic Applications 

	Medical Specialty/ Area
	Specific Applications
	Typical Spectral Range (nm)
	Key Clinical/ Research Outcomes

	Oncology
	Oral, cervical, breast, skin, GI Cancer detection; tumor margin identification
	400 – 1000 (VIS-NIR)
	Early diagnosis, non-invasive cancer screening

	Neurology
	Stroke detection, traumatic brain injury, cerebral oxygenation
	700 – 1000 (NIR)
	Improved neurological assessment

	Cardiology
	Atherosclerotic plaque detection, microcirculation assessment
	600 – 1000
	Vascular health evaluation

	Ophthalmology
	Retinal oxygenation, diabetic retinopathy, glaucoma
	500 – 900
	Vision preservation and disease monitoring

	Dermatology
	Melanoma, burns, scars, pigmentation disorders
	400 – 700 (VIS)
	Objective skin condition assessment

	Pulmonology
	Lung tissue hypoxia and fibrosis detection
	650 – 950
	Respiratory disease evaluation

	Gastroenterology
	Endoscopic lesion identification
	450 – 900
	Enhanced GI diagnostics

	Therapeutic Applications

	Medical Specialty/ Area
	Specific Applications
	Typical Spectral Range (nm)
	Key Clinical/ Research Outcomes

	Phototherapy
	UV therapy for psoriasis, neonatal jaundice treatment
	250 – 700 (UV-VIS)
	Safe and optimized therapeutic dosing

	Laser Medicine
	Laser ablation, cosmetic and oncologic laser treatments
	400 – 1100
	Controlled tissue interaction

	Surgical Guidance
	Intraoperative ischemia detection, flap viability
	500 – 1000
	Reduced surgical complications

	Oncology therapy
	Photodynamic and photothermal therapy monitoring
	600 – 800
	improved treatment efficacy

	Rehabilitation
	Tissue oxygen monitoring during physiotherapy
	700 – 1000
	Optimized recovery outcomes

	Biomedical Research

	Medical Specialty/ Area
	Specific Applications
	Typical Spectral Range (nm)
	Key Clinical/ Research Outcomes

	Cancer Biology
	Tumor metabolism, angiogenesis studies
	400 – 1100
	Insights into disease progression

	Regenerative Medicine
	Stem cell differentiation, tissue engineering
	500 – 1000
	Improved regenerative strategies

	Pharmacology
	Drug-tissue interaction, toxicity analysis
	400 – 1100
	Drug efficacy validation

	Neuroscience
	Neurovascular coupling, cognitive workload analysis
	700 – 1000
	Brain function understanding

	Molecular Imaging
	Biomarker discovery using hyperspectral data
	400 – 2500 
(VIS-SWIR)
	Precision medicine development

	Other Medical Applications

	Medical Specialty/ Area
	Specific Applications
	Typical Spectral Range (nm)
	Key Clinical/ Research Outcomes

	Emergency Medicine
	Shock, sepsis, burn severity assessment
	600 – 1000
	Rapid triage and monitoring

	Transplant Medicine
	Organ viability and perfusion monitoring
	700 – 1000
	Reduced transplant failure

	Wound Care
	Chronic wound healing
	600 – 1000
	Improved wound management

	Medical Imaging Quality Assurance
	Calibration of endoscopy, pathology scanners
	380 – 780
	Reliable diagnostic imaging

	Medical Devices
	Validation of wearables and optical sensors
	380 – 1100
	Regulatory compliance

	Public Health
	Non-invasive mass screening, occupational exposure
	400 – 1000
	Preventive healthcare support

	Telemedicine
	Remote spectral diagnostics
	400 – 1000
	Expanded healthcare access


Note: VIS-Visible, NIR-Near Infrared, SWIR-Short-Wave Infrared

Table.2. Real-world Case studies on the Spectroradiometer Applications in Medical Research
	Case Study/ Application
	Country/ Region
	Outcome/ Significance

	Spectral analysis for melanoma and skin lesion discrimination
	USA, Australia
	Improved differentiation of malignant vs. benign lesions, supporting early diagnosis and reduced unnecessary biopsies

	Intraoperative spectral guidance for breast tumor excision
	Canada, USA
	Enhanced tumor margin clearance and reduced recurrence risk during surgery 

	Diffuse reflectance spectroscopy for chemotherapy response monitoring
	USA
	Distinguished responders from non-responders using hemoglobin and tissue composition biomarkers

	Hyperspectral imaging of breast cancer tissue samples
	USA, Europe
	High-accuracy separation of malignant and benign tissues across large patient cohorts

	Hyperspectral endoscopy for gastric cancer visualization
	Japan
	Enhanced early detection of gastric tumors during routine endoscopic procedures

	Multispectral and Raman techniques for lung cancer diagnosis
	Global multicenter
	Improved early lung tumor classification and diagnostic confidence

	Spectral bronchoscopy for lung lesion identification
	Multinational
	Increased detection accuracy of premalignant pulmonary lesions

	Raman spectroscopy for Barrett’s esophagus dysplasia detection
	USA
	Real-time in-vivo diagnosis of precancerous esophageal changes

	Optical spectroscopy for cervical and oral cancer screening
	India
	Cost-effective, non-invasive community screening suitable for low-resource settings

	AI-assisted hyperspectral diagnostics for solid tumors
	China
	Achieved >85% accuracy in tumor vs. normal tissue classification

	Intraoperative hyperspectral imaging for brain tumor surgery
	Spain, Germany, Italy
	Real-time differentiative of tumor, normal tissue, and vasculature improved surgical precision

	HELICoiD hyperspectral brain cancer database initiative
	Spain (EU consortium)
	Large in-vivo spectral datasets enabled AI-driven neurosurgical decision support

	Spectral monitoring of cerebral oxygenation in stroke patients
	Sweden
	Supported early stroke diagnosis and real-time perfusion monitoring

	Neurodegenerative disease biomarker detection via Raman spectroscopy
	USA, Europe
	Identified Alzheimer’s and Parkinson’s biomarkers from tear and biofluid samples

	Retinal oxygenation assessment using spectral imaging
	UK, Europe
	Early detection and monitoring of diabetic retinopathy and glaucoma

	Spectral monitoring of myocardial ischemia during cardiac surgery
	Germany
	Reduced postoperative cardiac complications through intraoperative ischemia detection

	Renal perfusion and oxygenation monitoring during surgery
	Germany
	Improved intraoperative decision-making and reduced renal complications

	Hyperspectral analysis of bowel ischemia during abdominal surgery
	France
	Reduced postoperative bowel necrosis through real-time viability assessment

	Hyperspectral monitoring of flap viability in reconstructive surgery
	Germany
	Early ischemia detection significantly reduced flap failure rates

	Spectral assessment of organ viability
	South Korea
	Lowered transplant rejection risk via early ischemic damage

	Spectral burn depth assessment in emergency care
	USA
	Objective burn severity classification improved surgical triage

	Hyperspectral imaging for chronic wound evaluation
	 Netherlands
	Non-contact perfusion and oxygenation mapping improved wound healing outcomes

	Hyperspectral imaging for diabetic foot ulcer risk stratification
	Finland
	Early identification of ischemic risk zones enabled limb preservation

	Hyperspectral imaging for pressure ulcer prediction
	Netherlands
	Reduced ICU pressure injury incidence through early hypoxia detection

	Spectral monitoring of sepsis-induced tissue hypoxia
	USA
	Enabled earlier intervention in critical care settings

	Hyperspectral imaging for placental oxygenation monitoring
	Sweden
	Supported management of high-risk pregnancies

	Hyperspectral monitoring of fetal brain oxygenation
	Norway
	Early detection of fetal distress during labor

	Neonatal phototherapy light dosimetry
	Global 
(USA, India)
	Improved safety and efficacy of jaundice treatment via real-time dose control

	Calibration of dermatological phototherapy systems
	India, Global
	Enhanced treatment consistency and patient safety

	Spectroradiometric monitoring of photodynamic cancer therapy
	Canada
	Optimized photosensitizer activation and therapeutic outcomes

	Wearable spectroradiometers for UV exposure monitoring
	USA, Europe
	Enabled real-time UV dosimetry for skin cancer prevention

	Spectral differentiation of bacterial vs. viral infections
	South Korea
	Reduced unnecessary antibiotic use via rapid infection classification

	SERS + AI-based rapid viral antigen detection (COVID-19)
	Multiple countries
	Enabled rapid on-site SARS-CoV-2 detection for pandemic management

	Hyperspectral histopathology for mitosis detection
	USA
	Improved digital pathology accuracy in cancer grading

	Tumor microenvironment analysis using hyperspectral imaging
	France
	Advanced understanding of angiogenesis and metabolic heterogeneity

	Hyperspectral analysis of tumor-associated lymphatic networks
	USA
	Improved understanding of cancer metastasis pathways

	Hyperspectral imaging for liver steatosis quantification
	China
	Non-invasive grading of fatty liver disease without biopsy

	Spectral assessment of cartilage degeneration in osteoarthritis
	USA
	Detected early biochemical cartilage changes prior to radiographic damage

	Spectral assessment of bone mineral composition in osteoporosis
	Italy
	Provided bone quality insights beyond density measurements

	Spectral monitoring of muscle oxygenation in rehabilitation medicine
	Australia
	Optimized rehabilitation protocols and reduced recovery time

	Spectroradiometer-assisted dental caries progression assessment
	USA
	Enabled early detection before cavitation

	Spectroradiometric analysis of corneal graft viability
	Japan
	Improved graft selection and post-transplant outcomes

	Spectral monitoring of lung ventilation-perfusion mismatch
	Belgium
	Improved functional assessment in COPD patients

	Spectroradiometric evaluation of artificial skin and wound dressings
	Switzerland
	Validated performance of advanced biomedical materials 

	Spectroradiometer-based evaluation of prosthetic material biocompatibility
	Germany
	Ensured long-term safety of implantable materials

	Spectral detection of counterfeit or substandard pharmaceuticals
	India
	Strengthened regulatory quality control and patient safety



4.4. The future of Medicine with the Integration of Spectroradiometers and AI 
The integration of spectroradiometers and artificial intelligence (AI) promises to transform medicine by enabling more accurate, personalized diagnostics. Spectroradiometers capture detailed spectral information from biological tissues, while AI automates interpretation, enhancing detection of subtle biochemical and structural signals often missed by traditional methods. This synergy supports early disease detection, ongoing monitoring, optimized treatment, and improved workflow efficiency by reducing diagnostic variability and accelerating clinical decisions. Recent advances in hyperspectral imaging and AI-driven analysis demonstrate high precision in real-time diagnostics, highlighting the potential of this combination to advance precision medicine (Jeong et al, 2025).

4.5. Increased Diagnostic Accuracy
4.5.1. [bookmark: _Hlk219900652]Cancer Detection and Classification: AI algorithms that are used in Raman or infrared spectral data show great accuracy in the detection of malignancy. Fourier-Transform infrared (FTIR) spectroscopy combined with AI can identify acute leukemia and healthy blood using molecular fingerprints in the 1800- VIII 50 cm-1 range with a maximum cancer classification rate of 90 percent (Lee et al, 2025). Hyperspectral imaging with deep learning can detect breast cancer with AUC values of 0.89-0.95 based on the minor changes in the tissue reflectance variations. The recent 2025 studies indicate that Raman-machine learning models show 92-100% accuracy, sensitivity, and specificity between cancers, which promotes their diagnostic capabilities (Rao et al, 2025).

4.5.2. [bookmark: _Hlk219900657][bookmark: _Hlk219900663]Pathology and Tissue Characterization: AI automates complex spectral patterns interpretation in histopathology reducing human error. Spectral signatures of the machine learning models are used to outline tumor margins intraoperative offering real-time decision-support to oncologists, especially in robotic surgery with incorporated Raman probes (Lee et al, 2025). Recent reports state that AI-spectral systems are 91-97 percent accurate in the classification of histopathology and improve precision in cancer subtyping and margin detection (Ma et al, 2025).

4.6. On-the-Spot Tracking and Individualized Treatment
4.6.1. [bookmark: _Hlk219900669]Drug Concentration Monitoring: Surface-enhanced Raman spectroscopy (SERS) with AI can be used to quickly and noninvasively detect drugs in blood. A SERS-AI platform measures the concentration of cardiovascular medications including dobutamine hydrochloride in seconds down to 10pg/mL to enable personalized dosing to mitigate toxicity. This approach also applies to antibiotics and chemotherapy drugs to provide dynamic optimization of treatment in hospitals (Wei et al, 2025).

4.6.2. [bookmark: _Hlk219900676]Wearable Health Sensors: Wearable, continuous, noninvasive spectroscopy with miniaturized spectral sensors based on photodiode arrays can be used to monitor biomarkers like glucose and UV exposure. The spectral data are fed through AI algorithms to learn how to predict health events such as hypoglycemia or the beginning of an infection and provide preemptive use alerts. The current advancements are focused on the implementation of telemedicine applications to manage patients remotely and further the decentralized care (Siddiqui et al, 2018).

4.7. Discovery of Imaging and Biomarker 
4.7.1. [bookmark: _Hlk219900682]Advancements in Nuclear Medicine: AI optimizes SPECT and PET images by improving reconstruction and quantitative biomarker localization. In oncology and neurology, deep learning models develop features of spectroradiometer-generated spectral data that predict disease progressions and increase the confidence in diagnosis such as Alzheimer disease (Balaji et al, 2024). Recent research shows that AI has been able to outperform previous noise reduction and resolution in low dosage protocols, and clinical analysis shows that AI is more accurate than conventional protocols. 

4.7.2. [bookmark: _Hlk219900687]Radiomics and Predictive Modeling: Spectral radiometry can be used to predict AI by integrating radiomics high dimensional feature extraction on medical images so that hidden biomarkers can be revealed. Spectral-CT data is processed by AI algorithms to estimate the results of radiotherapy in cancer and early atherosclerosis with high accuracy (Maniaci et al, 2024). More recent studies show that radiomics-AI models with AUC values above 0.85 can be used on prognostic tasks, and this improves accuracy in oncology and cardiovascular risk prediction.

5. Existing Problems and Future insight
5.1. Technical Hurdles
5.1.1. [bookmark: _Hlk219900693]Variability in the Calibration of Instrument: The spectral error in multi-source measurements through spectroradiometers is caused by inconsistent calibration procedures across instruments and affects the measurement quality in broadband assessments of UV-visible radiation. This variation leads to domain shifts in AI models which decreases reproductivity in clinical deployments (Iwasa et al, 2023).

5.1.2. [bookmark: _Hlk219900698]Poor weak signal sensitivity and high-noise at low-intensity wavelengths (lower than 370 nm): This is an issue of poor sensitivity to weak signals and high-noise at low-intensity wavelengths, especially in wearable or field-deployable applications. Signal-to-noise ratios are further decreased by electrical and thermal noise in the case of longer monitoring (Vashishtha et al, 2023).

5.1.3. Long Response Times: Scanning spectroradiometers can take tens of seconds to several minutes to process a signal scan, which makes them unsuitable to real-time applications like intraoperative guidance or dynamic tissue monitoring where real-time feedback is required (Michael et al, 2021). Their low instantaneous field of view also makes image tiling needed to capture clinically significant parts of the body, and raises the acquisition time, data size and computational cost of spectral reconstructions and analysis.

5.1.4. Large Data Dimensionality: Hyperspectral data are characterized by many spectral bands, hundreds of tightly spaced spectral bands, resulting in high spectral redundancy and high inter-band correlation that is uncompensated by the increase in the information content (Yadav et al, 2024). This dimensionality curse is both costly to compute, can be overfitting, and impairs performance of AI-based classification and spectral unmixing algorithms unless a good band selection, dimensionality reduction, or regularization method is used (Pramono, 2023). 

5.1.5. Cost and Maintenance: Advanced imaging systems are heavily restricted in their access because of their high acquisition costs, as well as difficulty to operate and maintain, as they require specialized calibration and skilled operators (Al-Naser and Alshadeedi, 2024). These limitations are especially limiting in resource-limited and under-infrastructure environments and prevent large-scale implementation except in well-supported research and tertiary care facilities. 

5.2. Clinical Hurdles
5.2.1. Small Sample Sizes and Extrapolation: This type of research often produces limited and homogenous data that limits the ability to vary patient characteristics, disease phenotypes, and acquisition procedures (Abumohsen et al, 2026). Such a lack of diversity shapes the design flaws of AI models in terms of generalization and resilience, predisposing the models to decline performance when trained on one population, clinical site, or imaging system and potentially when deployed to a different population, clinical site or imaging system. 

5.2.2. [bookmark: _Hlk219900742]Regulatory and Trust Barriers: Black-box AI models do not offer much information about how they came up with a particular decision, which weakens the confidence of clinicians in high-stakes uses of AI in diagnosis (Hassan et al, 2025). Elucidable AI models are thus crucial to carry out transparency, interpretability, and clinical responsibility to improve safer adoption and regulatory acceptability in the critical care environment (Adeniran et al, 2024). 

5.2.3. Integration Problems: Biocompatibility, sterilization, power consumption, and limitations on onboard processing prevent the implementation of miniaturized sensors into wearables or surgical equipment (Abdulamiery et al, 2026). Besides this, patient motion and spatial mismatch during acquisition also causes artifacts and registration errors that largely affect the quality of the hybrid imaging results in terms of accuracy and reliability. 

5.3. Emerging opportunities
5.3.1. Multimodal integration: The future spectroradiometer systems will combine spectral data with genomics, electronic health records (EHRs), and real-time imaging (MRI/CT) to provide a comprehensive profile of patients. Multimodal fusion with T1w, MRI, FDG-PET and genomics Multimodal neural networks predict mild cognitive impairment with high accuracy, advance neurology, and precision oncology (Singh et al, 2025). 

5.3.2. Point-of-Care Devices: AI-powered handheld spectroradiometers, including nail-sized UV dosimeter and smartphone-based Raman scanners, can be used to provide diagnostics in resource-constrained environments (Chandler et al, 2019). They offer real-time spectral analysis to limits of detection of biomarkers lower than 10 pg/mL, which allows bedside cancer screening and wound assessment, and 2025 wearable photonic arrays can detect glucose in sweat with 95% accuracy (LOD 0.31 mM), enhancing fair access in low-income locations (Chandler et al, 2019).

5.3.3. Proactive Disease Forecasting: AI systems based on longitudinal spectrals predict outbreaks and health-related experiences of individuals, including pandemics or diabetic ulcers, several weeks before they happen (Mishra et al, 2025). Transform models combine spectral trends and EHRs to predict sepsis (AUROC 0.92) and chronic wound development, which allows prevention of care at an early stage. 2025 applications use hyperspectral wearable and genomics to predict epidemics, and Pandemic-LLM is more effective than traditional models in outbreak prediction (Mishra et al, 2025).  

5.3.4. Developed Raman Diagnostics: Raman spectrum versions (SERS, resonance) enhance the ex-vivo/ in-vivo diagnosis of cancers, infections, and neurodegeneration using molecular fingerprints (Singh et al, 2023). Fibromyalgia and rheumatologic disorders Portable FT-IR with chemometrics have sensitivity/specificity over biofluids of more than 93%. These allow screening to be done in a fast, non-invasive way, closing the research-clinical divide (Singh et al, 2023).

5.3.5. Hyperspectral Clinical Translation: Spectroradiometers enable Hyperspectral imaging, which can be used to identify subtle spectral signatures of tissue distress, physiology, and pathology, like precision agriculture, and to provide non-invasive and early medical diagnostics (Lai C-L et al, 2024). The developments of portable, miniaturized systems with AI support need to navigate the market by 2025 that in turn facilitate real-time surgical guidance, as well as biomarker discovery.

5.4. Limitations
The drawbacks of spectroradiometers in medical diagnosis and biomedical research are severe and include, among others, cost of acquisition and complexity of operation in comparison with broadband sensors, which limits their availability in low resource environments (Pechlivani et al, 2023). The sensitivity of these instruments to environmental noise is increased and stringent calibration and careful handling of these instruments are required to maintain measurement accuracy, especially in multi-spectral clinical settings. poor penetration depth of the tissue, particularly in the UV-visible spectrum, restricts its applications to surface diagnostics and microwave radiometry is also deeper penetrating but with lower spatial resolution (Kolesnikova et al, 2025). Moreover, spectral data have high dimensions that require extensive computational power and advanced software development to analyze and require more detailed algorithms and experience to interpret. Standardization and cross-device calibration are still important and difficult to achieve the reproducibility and comparability of studies. 

6. Conclusions
This review underscores the growing significance of spectroradiometers in medical diagnostics and biomedical research due to their ability to capture detailed spectral signatures reflecting the biochemical and structural properties of biological tissues. The literature demonstrates their effectiveness in non-invasive diagnostics, early disease detection, tissue characterization, and therapy guidance across clinical areas such as oncology, dermatology, ophthalmology, and physiological monitoring. Recent advances in hyperspectral imaging, miniaturization, and artificial intelligence have enhanced diagnostic accuracy, automation, and clinical relevance, positioning spectroradiometers as key enablers of precision and personalized medicine. Nevertheless, challenges related to standardization, large-scale clinical validation, AI model interpretability, and affordability continue to restrict widespread clinical adoption, particularly in resource-limited healthcare systems. Overcoming these barriers, alongside emerging developments in wearable devices, explainable AI, and multimodal diagnostics, is essential for translating spectroradiometric innovations into proactive, data-driven and globally scalable clinical care. 

7. Future Work
Future research should prioritize large-scale, multi-center clinical trials to establish robust evidence for the diagnostic reliability and clinical utility of spectroradiometer-based systems. The development of standardized spectral databases, calibration protocols, and regulatory frameworks will be essential to ensure reproducibility and cross-institutional comparability. Further work is needed to improve the transparency and clinical interpretability of AI-driven spectral models to enhance clinician trust and adoption. Additionally, innovation in portable, cost-effective spectroradiometric devices tailored for point-of-care and population-level screening particularly in low- and middle-income countries represents a key direction for future investigation. Integrating spectroradiometric data with other clinical and imaging modalities may also open new avenues for comprehensive, multimodal diagnostic platforms.
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