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Near-infrared and fourier-transform infrared spectroscopy for meat
quality and safety assessment: A review
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Abstract

Meat quality and safety assessment demands analytical tools that are rapid, nondestructive, and
capable of resolving a broad spectrum of physicochemical and microbiological parameters
simultaneously. Near-infrared (NIR) and Fourier-transform infrared (FTIR) spectroscopy have
emerged as two of the most promising technologies in this regard, offering complementary analytical
capabilities rooted in distinct physical mechanisms of light-matter interaction. This review
systematically examines the application of NIR and FTIR spectroscopy across the full scope of meat
quality and safety evaluation, beginning with their contrasting physical and chemical principles as
applied to muscle matrices, followed by a comprehensive mapping of spectral absorption bands to
individual quality parameters including moisture, protein, fat, lipid oxidation, water-holding capacity,
color, tenderness, and pH. Their utility in meat safety and authenticity assessment, encompassing
microbial spoilage monitoring, species adulteration detection, exogenous adulterant identification, and
halal authentication, is critically evaluated. Key methodological challenges including sample
heterogeneity, water interference, calibration transferability, and model interpretability are discussed.
Future directions emphasizing portable instrumentation, hyperspectral imaging, artificial intelligence
integration, and open-access spectral databases are proposed. The evidence collectively supports a
complementary dual-spectroscopic framework as the most comprehensive and practically deployable
strategy for nondestructive meat quality governance across the supply chain.

Introduction

Meat is an essential component of a balanced human diet, valued for its rich nutritional profile and
consumer acceptability. Global meat consumption is projected to rise considerably over the coming
decade, driven by shifts in dietary preferences related to health and nutrition. According to the
OECD/FAO (2019), a growth of approximately 1.2% in worldwide meat consumption is anticipated
by 2028 relative to the base period of 2016 to 2018, with premium cuts such as beef and sheep meat
expected to witness greater demand compared to other categories. To align with rising consumer
expectations for safe, high quality, cost-effective, and sustainably produced meat, industry
stakeholders and researchers are actively exploring improved approaches to ensure critical quality
attributes while extending shelf life and storage stability (Grunert et al., 2004; Troy et al., 2016). Meat
quality is conventionally assessed through a wide range of physicochemical properties, including
color, tenderness, water-holding capacity, pH, moisture content, protein content, and fat content, all of
which can be measured through laboratory-based instrumental analyses or trained sensory evaluation
(Qian et al., 2021). While visible characteristics such as texture, appearance, and color are prominent
determinants of consumer purchase decisions, the chemical composition and microbiological status of
meat products play an equally important role in determining their eating quality and overall safety
(Sarker et al., 2024; Herrero, 2008; Taheri-Garavand et al., 2019). Authenticity is also a critical quality
dimension, ensuring that meat products conform to established regulatory criteria and compositional
standards (Hashem et al., 2021 and 2022; Abbas et al., 2018).

Conventional approaches for assessing meat quality and safety encompass a broad range of techniques,
including manual inspection by experienced personnel, microbiological enumeration methods, and an
extensive array of mechanical, chemical, biochemical, immunological, and sensory assays
(Sadakuzzaman et al., 2024; Mia et al., 2023; Torun et al., 2023; Troy et al., 2016; Xiong et al., 2017).
Despite their reliability, these traditional methods are associated with several practical limitations,
notably their time-intensive nature, destructive character, high operational cost, and the requirement
for elaborate laboratory infrastructure and complex sample preparation procedures. These drawbacks
have generated significant interest in rapid, nondestructive analytical alternatives that can enhance
productivity and profitability across the meat supply chain while meeting growing consumer
expectations for superior quality products (Miah et al., 2024; Wojnowski et al., 2017; Rahman et al.,
2018; Giaretta et al., 2019).

Near-infrared (NIR) spectroscopy has been widely adopted for nondestructive quality evaluation of
meat over the past several decades, owing to its non-invasive nature, minimal sample preparation
requirements, and the speed with which measurements can be acquired. By capturing the absorption
characteristics of hydrogen-containing functional groups across the NIR region, it enables reliable
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prediction of key compositional parameters in diverse meat matrices. The commercial expansion of NIR has been closely linked
to advances in the miniaturization of spectrometer hardware and developments in chemometric modeling (Prieto et al., 2014;
Andersen et al., 2018; Du et al., 2019; Candogan et al., 2021).

Complementing this, Fourier-transform infrared (FTIR) spectroscopy has gained considerable attention as a rapid, reagent-free,
and highly versatile analytical platform. By capturing molecular vibrational signatures across the mid-infrared region with high
spectral resolution, FTIR enables simultaneous multi-analyte analysis and provides comprehensive biochemical information from
a single measurement (Li-Chan et al., 2001; Severcan et al., 2012; Bureau et al., 2019). (Zheng et al., 2023) demonstrated that
simple spectral dimension reduction strategies applied to NIR data could achieve prediction accuracy for lamb meat quality
parameters comparable to complex wavelength selection algorithms, offering a practical basis for compact device development.
(He and Zeng, 2025)

broadly reviewed vibrational spectroscopy techniques for food authentication across diverse matrices, highlighting advances in
chemometrics, portable instrumentation, and hyperspectral imaging. Similarly, (Sarker et al., 2024b) reviewed the integration of
artificial intelligence-driven approaches with NIR spectroscopy for meat quality and safety assessment, underscoring the growing
role of machine learning in interpreting spectral data. However, these works lack a focused treatment of how NIR and FTIR are
specifically applied to the simultaneous assessment of meat quality and safety, the systematic mapping of spectral bands to
individual quality indices, and comparative evaluation of their utility for authenticity verification and spoilage monitoring.
Methodological challenges specific to the meat matrix, including moisture interference, surface heterogeneity, and calibration
transfer limitations, also remain insufficiently addressed.

Review Structure

The present review therefore aims to provide a comprehensive and focused account of the application of NIR and FTIR
spectroscopy in meat quality assessment and safety evaluation. The discussion covers the fundamental physical and chemical
principles underlying both techniques as applied to muscle matrices, a systematic mapping of spectral bands to specific meat
quality parameters, their comparative utility in meat safety and authenticity assessment, and the key methodological challenges
and limitations that must be addressed for broader industrial implementation, concluding with future research directions for the
field. The overall scope and logical flow of this review, from the underlying spectroscopic principles through quality parameter
mapping, safety and authenticity applications, and methodological challenges, to future directions, is summarized schematically
in Figure 1.
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Figure 1. Schematic workflow of this review, showing how NIR and FTIR spectroscopy are applied to meat quality, safety, and
authenticity assessment, and the challenges shaping their industrial adoption.

Physical and Chemical Principles: NIR vs. FTIR in Muscle Matrices

Spectroscopic analysis of meat relies fundamentally on the interaction between electromagnetic radiation and the molecular
architecture of muscle tissue. While both NIR and FTIR spectroscopy exploit molecular vibrations to generate analytical
information, they operate through distinct physical mechanisms, probe different tissue depths, and respond selectively to different
categories of molecular motion. Understanding these differences is essential for selecting the appropriate technique or designing
complementary analytical strategies for comprehensive meat quality assessment.



NIR Spectroscopy: Overtones and Combination Bands in Muscle Tissue

Near-infrared spectroscopy operates within the electromagnetic region spanning approximately 780 to 2500 nm, a spectral window
defined not by fundamental molecular vibrations but by their overtones and combination bands (Alcala et al., 2012). When a
chemical bond absorbs NIR radiation, it undergoes transitions to higher-order vibrational energy states, producing weaker but
detectable absorption features at wavelengths that are approximately integer multiples of the fundamental frequency (Weyer, 1985).
In meat and muscle tissue, the dominant absorbing species are hydrogen-containing functional groups, specifically O-H bonds
associated with water and hydroxyl-containing compounds, C-H bonds present in lipid chains and protein side chains, and N-H
bonds found within peptide linkages and amino acid residues. These groups give rise to overlapping absorption features distributed
broadly across the NIR region, with water overtones prominent near 970 nm and 1450 nm, lipid-related C-H combination bands
appearing around 1720 nm and 2300 nm, and protein-associated N-H absorptions contributing across the 1500 to 2100 nm range
(Manley, 2014; Bowker et al., 2014; Golovynskyi et al., 2023).

One of the most practically significant characteristics of NIR radiation in the context of meat analysis is its relatively deep tissue
penetration. Depending on the optical density, water content, and structural organization of the tissue, NIR photons can penetrate
from approximately 1 to 10 mm beneath the surface, making the technique inherently suitable for probing the bulk compositional
properties of intact or minimally prepared meat samples (Prieto et al., 2017; Jiang et al., 2023). This penetration depth allows NIR
to interrogate a representative volume of tissue, capturing information about moisture, fat, and protein content in a manner that
reflects the average chemical composition rather than superficial surface conditions alone. Combined with the availability of robust
diffuse reflectance sampling accessories and the increasing miniaturization of NIR hardware, this attribute positions NIR as a
practical tool for rapid, at-line, or even online monitoring of meat quality throughout the processing chain. The broad and
overlapping nature of NIR spectral features, however, means that meaningful quantitative information can only be extracted
through the application of multivariate chemometric techniques such as partial least squares regression, principal component
regression, or machine learning algorithms, which are capable of resolving the complex spectral mixtures characteristic of real
meat matrices (Dixit et al., 2017a; Zheng et al., 2023; Feng et al., 2024).

FTIR Spectroscopy: Fundamental Vibrations and Surface Sensitivity

Fourier-transform infrared spectroscopy operates in the mid-infrared region, typically spanning 4000 to 400 cm™', where molecular
bonds absorb radiation at frequencies that correspond directly to their fundamental vibrational modes (Parker et al., 2024). Unlike
the overtone-driven absorptions of the NIR region, mid-infrared absorptions arise from primary stretching and bending transitions
and are therefore considerably stronger and more structurally diagnostic (Yin et al., 2025). In the context of meat and muscle
tissue, FTIR generates a rich and highly resolved spectral fingerprint in which individual molecular components produce narrow,
well-defined absorption bands at characteristic wavenumbers (Candogan et al., 2021; Al-Kelani and Buthelezi, 2024). The Amide
I band, centered near 1650 cm™ and arising primarily from C=O stretching of peptide bonds, is among the most analytically
powerful features in meat spectra, as its precise position and shape are sensitive to protein secondary structure, denaturation state,
and aggregation behavior (Yang et al., 2022). The Amide II band near 1550 cm™, resulting from a combination of N-H bending
and C-N stretching, and the Amide III band in the 1200 to 1350 cm™ region provide complementary structural information. Lipid-
related absorptions appear prominently as carbonyl stretching bands near 1740 cm™, with additional contributions from C-H
deformation modes around 1460 and 1370 cm™'. Water, while giving a broad and intense O-H stretching absorption near 3300 cm™
and a bending mode near 1640 cm™, can substantially interfere with protein bands in this region, representing one of the central
analytical challenges in applying FTIR to high-moisture meat samples (Lozano et al., 2017; Schwaighofer et al., 2018; Sanden et
al., 2019; Stani et al., 2020).

The tissue penetration depth of mid-infrared radiation is fundamentally limited by the strong absorption coefficients of the bands
involved. Under attenuated total reflectance sampling conditions, which represent the dominant FTIR measurement mode in food
and meat analysis, penetration into the sample extends only a few micrometers from the crystal interface (Mendes and Duarte,
2021). This surface sensitivity is both a limitation and an advantage: while it prevents FTIR from providing bulk compositional
profiles in the manner of NIR, it renders the technique exquisitely responsive to surface-level biochemical changes, including the
early stages of lipid oxidation, protein structural reorganization, microbial metabolite accumulation, and post-mortem biochemical
modifications occurring at the tissue interface. The sharp, well-resolved nature of mid-infrared bands also facilitates direct spectral
interpretation, enabling qualitative identification of specific molecular species without the extensive chemometric preprocessing
required for NIR data analysis (Sanden et al., 2019; Lia et al., 2025).

The Complementary Matrix: Why Neither Technique Alone Is Sufficient

When considered independently, each technique leaves a meaningful analytical blind spot in the characterization of muscle tissue.
NIR spectroscopy, by virtue of its deep penetration and sensitivity to bulk hydrogen-containing species, excels at rapid,
nondestructive quantification of moisture, total fat, and crude protein across large sample volumes. However, its broad, overlapping
spectral features are largely insensitive to the fine structural details of the tissue surface, including localized oxidative
modifications, subtle protein conformational changes, and early-stage microbiological deterioration occurring at the cut surface or
packaging interface. These are precisely the changes most relevant to freshness assessment and safety monitoring in retail and
processing environments. FTIR spectroscopy, conversely, delivers unparalleled molecular specificity at the tissue surface. Its sharp
fundamental bands are capable of resolving structural changes in individual protein classes, identifying specific lipid oxidation
products, and detecting the biochemical signatures of spoilage-associated microbial activity. Yet the shallow penetration depth
means that FTIR measurements of intact meat are inherently surface-weighted, potentially misrepresenting the bulk compositional
status of thick cuts where the interior chemistry may differ substantially from the exposed surface. Additionally, the strong infrared
absorption of water in the mid-infrared region complicates the analysis of high-moisture meat matrices, often requiring spectral
subtraction, deconvolution, or careful ATR contact optimization to isolate meaningful biochemical information from the dominant
water background. This contrast in tissue penetration and molecular sensitivity is illustrated schematically in Figure 2.
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Figure 2. Cross-sectional schematic comparing NIR (~1-10 mm, bulk sampling) and FTIR-ATR (a few micrometers, surface-
weighted) penetration depths in muscle tissue (Pricto et al., 2017; Jiang et al., 2023; Mendes and Duarte, 2021).

NIR and FTIR spectroscopy function as a complementary analytical pair whose combined deployment addresses the limitations
inherent to each technique in isolation. NIR provides the broad, volumetric compositional overview necessary for bulk quality
grading and composition prediction, while FTIR delivers the surface-level molecular resolution required for structural, oxidative,
and microbiological characterization. A dual-spectroscopic strategy therefore offers a more complete picture of meat quality than
either approach can achieve independently, making the integration of both modalities an increasingly attractive framework for
comprehensive, nondestructive assessment across the meat supply chain.

Table 1. Comparative overview of near-infrared (NIR) and Fourier-transform infrared (FTIR) spectroscopy for meat analysis

Feature

NIR Spectroscopy

FTIR Spectroscopy

References

Spectral region
Vibrational origin

Band character

Typical tissue penetration

Common sampling mode
Data interpretation

Water interference

Principal analytical
strength

Principal limitation

Instrumentation maturity

780-2500 nm

Overtones and combination bands
of C-H, O-H, and N-H bonds
Broad, overlapping absorptions

~1-10 mm (bulk sampling)

Diffuse reflectance / transmittance
Requires multivariate
chemometrics (PLS, PCR, machine
learning)

Overtone bands near 970, 1450 and
1940 nm can mask fat and protein
signals

Rapid, nondestructive bulk
compositional quantification
(moisture, fat, protein)

Insensitive to fine surface or
structural detail

Mature, widely available
miniaturized/portable platforms

4000-400 cm™ (mid-infrared)
Fundamental stretching and
bending vibrations

Sharp, well-resolved, chemically
diagnostic bands

A few micrometers under ATR
(surface-weighted)

Attenuated total reflectance (ATR)
Permits direct qualitative
interpretation; chemometrics
enhances quantification

Strong O-H bands near 3300 and
1640 cm™ overlap Amide I/II bands

Molecular specificity for structural,
oxidative and microbial changes

Not representative of bulk
composition in thick, intact cuts
Increasingly portable but generally
less field-mature than NIR

(Bec¢ et al., 2020; Candogan et al., 2021)
(Be¢ et al., 2020; Candogan et al., 2021)

Be¢ et al., 2020; Candogan et al., 2021)
(Afara et al., 2021; Go6tz et al., 2020)
(Dias et al., 2021; Candogan et al., 2021)
(Bec¢ et al., 2022; Candogan et al., 2021)
(Yamada et al., 2024; Yang et al., 2022)

(Dias et al., 2021; Candogan et al., 2021)

(Afara et al., 2021; Gétz et al., 2020)

(Be¢ et al., 2022; Cebi et al., 2023)

Comprehensive Mapping of Spectral Bands to Meat Quality Parameters

The practical value of NIR and FTIR spectroscopy in meat science lies not only in their broad analytical capabilities but in their
ability to resolve specific quality-defining parameters from the complex spectral landscape of muscle tissue. Each major meat
quality attribute, whether compositional, structural, or biochemical, leaves a characteristic spectral signature within one or both of
these regions. The following section systematically maps the key absorption features associated with each quality parameter and
identifies which technique has demonstrated dominant analytical utility for its determination; a summary is provided in Table 2
and depicted visually in Figure 3.
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Figure 3. Annotated spectral map of NIR (780-2500 nm) and FTIR mid-infrared (4000—400 cm™) regions, showing principal
absorption bands for water, protein (Amide I-I1I), and lipid. (Candogan et al., 2021; Prieto et al., 2017; Talari et al., 2017; Yang

et al., 2022).
Table 2. Summary of spectral band assignments and preferred spectroscopic technique for major meat quality parameters
Quality Parameter Key NIR Bands Key FTIR Bands Preferred Representative
Technique Sources
Moisture content 970, 1450, 1940 nm (O-H ~3300 cm™ (O-H stretch); NIR Zhang et al., 2023

Protein content and structure

Fat content and lipid 1720, 2300 nm (C-H ~1740 cm™ (ester C=0); NIR (content); Beriain et al., 2021;

composition overtones); 1600-2500 nm  1460/1370 cm™ (C-H bend); FTIR (fatty acid Rohman et al., 2020

~3010 cm™ (C=C) profiling)

Lipid oxidation Broad, non-specific ~3450 cm™ (hydroperoxide O-  FTIR Lucarini et al., 2018
spectral variance H); 1700-1750 cm™* (carbonyl)

Water-holding capacity Shifts in 970 and 1450 nm  Amide I profile (myofibrillar NIR Geesink et al., 2003;
water bands protein conformation) Bertram et al., 2006

Meat color 505, 542, 555, 580, 630 Indirect only, via protein/heme  NIR/Visible Suman et al., 2023;
nm (myoglobin redox oxidation markers Arias et al., 2022
forms)

Tenderness and texture Hyperspectral/NIR bands Better suited to ageing-stage NIR (more Beriain et al., 2022;
linked to myofibrillar and discrimination than fine consistent) ElMasry et al., 2012
connective tissue tenderness resolution

pH Water-band shifts; protein- ~ Amide I shift linked to pH- Both Andersen et al.,
related absorptions driven denaturation 2017

Post-mortem ageing/freshness Global compositional Volatile fatty acids, protein Both Sinelli et al., 2010
shifts (water state, lipid denaturation, microbial (complementary)

overtones/combination)
1500-2100 nm (N-H
combination/overtone)

oxidation)

~1640 cm™ (H-O-H bend)
Amide I ~1650, Amide 1T
~1550, Amide IIT 1200-1350
cm™!

metabolites

NIR (content);
FTIR (structure)

Yang et al., 2022;
Pongsetkul et al.,
2023

Moisture Content

Water is the most abundant component of fresh meat, typically constituting 65 to 80% of total tissue mass, and its quantification
is fundamental to yield assessment, freshness monitoring, and compliance with regulatory compositional standards (Geletu et al.,
2021). In the NIR region, water gives rise to well-characterized overtone and combination absorptions, with the most analytically
prominent features appearing near 970 nm and 1450 nm, corresponding to the second and first overtones of the O-H stretching
mode respectively, and a combination band near 1940 nm. The intensity and position of these bands are directly related to the total
water content and its binding state within the muscle matrix, providing a reliable basis for predictive calibration models. Diffuse
reflectance NIR has consistently demonstrated strong predictive performance for moisture across a range of meat species and cut
types, and the technique's deep tissue penetration ensures that bulk water content rather than surface hydration alone is captured
(Dias et al., 2021; Zhang et al., 2023).

In the FTIR mid-infrared region, water absorbs strongly at approximately 3300 cm™ through O-H stretching and at 1640 cm™
through H-O-H bending, producing intense, broad bands that can obscure neighboring protein features. While ATR-FTIR can
detect moisture-related spectral changes, the strong water absorption frequently necessitates background subtraction or spectral
processing steps that introduce additional uncertainty (Pedersen et al., 2003; Wang et al., 2026). NIR spectroscopy is therefore the



dominant technique for moisture quantification in meat, offering robust, direct calibration against reference moisture values with
minimal interference from sample preparation or surface effects (Zhang et al., 2023).

Protein Content and Structural Integrity

Protein constitutes approximately 15 to 23% of fresh meat by mass and represents one of the primary nutritional and functional
quality determinants (Ahmad et al., 2018). Total crude protein content can be estimated by both NIR and FTIR, though the two
techniques probe protein at fundamentally different levels of resolution. NIR quantification of protein relies primarily on N-H
combination and overtone absorptions distributed across the 1500 to 2100 nm region, supplemented by contributions from C-H
and C-N bonds within amino acid side chains. These broad features correlate well with total nitrogen content and form the basis
of NIR-based protein prediction models that are now widely used in commercial meat grading and laboratory quality control
settings (Jiang et al., 2023).

FTIR provides a deeper and more structurally specific view of the protein component. The Amide I band near 1650 cm™, dominated
by C=0 stretching of the peptide backbone, is exquisitely sensitive to protein secondary structure, with alpha-helical, beta-sheet,
and random coil conformations producing subtly different band positions and shapes that can be resolved through second-
derivative analysis or Fourier self-deconvolution. The Amide II band near 1550 cm™ and Amide III features in the 1200 to 1350
cm! region provide complementary structural information (Pongsetkul et al., 2023; Li et al., 2025). These capabilities make FTIR
the technique of choice not merely for estimating total protein content but for monitoring protein denaturation during thermal
processing, structural changes associated with post-mortem aging, and myofibrillar protein integrity as a determinant of texture
and water-holding capacity. For bulk protein quantification, NIR is preferred; for protein structural characterization, FTIR holds a
clear advantage.

Fat and Lipid Content

Intramuscular fat, or marbling, is a critical determinant of eating quality in beef and other red meats, influencing tenderness,
juiciness, flavor, and overall palatability (Lambe et al., 2021). Both NIR and FTIR are capable of predicting total fat content, but
they differ in their sensitivity to lipid subcomponents and structural features. In the NIR region, lipid absorptions arise from C-H
stretching overtones near 1720 nm and 2300 nm, and combination bands associated with methylene and methyl groups distributed
broadly across the 1600 to 2500 nm range (Beriain et al., 2021). These features correlate with total fat content and, under
appropriate chemometric treatment, can provide information about fatty acid chain length and degree of unsaturation, making NIR
a practical tool for estimating fat content in intact carcasses or primal cuts (Parrini et al., 2023).

FTIR provides a more chemically resolved picture of the lipid fraction. The ester carbonyl stretching band near 1740 cm™ is a
diagnostic marker of triglyceride content and can be quantified independently of other absorbing species. C-H deformation bands
near 1460 and 1370 cm™' reflect methylene and methyl group contributions respectively, while the position of the C=C stretching
band near 3010 cm™ is sensitive to the proportion of unsaturated fatty acids (Rohman et al., 2020). ATR-FTIR has demonstrated
particular utility in characterizing fatty acid profiles, detecting adulteration of fat fractions, and monitoring lipid oxidation through
the progressive emergence of oxidation product bands in the carbonyl and hydroperoxide regions. For rapid total fat estimation in
bulk samples, NIR is the dominant technique; for detailed fatty acid profiling and oxidative stability assessment, FTIR is the
preferred modality.

Lipid Oxidation

Lipid oxidation is one of the primary mechanisms of quality deterioration in meat during storage, leading to the development of
rancidity, off-flavors, and potentially harmful secondary oxidation products. Its spectroscopic detection demands sensitivity to
low-concentration chemical species that emerge progressively against a background of dominant lipid signals, making it a
challenging but analytically important target. FTIR spectroscopy is the dominant technique in this context, owing to its ability to
resolve the sharp, diagnostic absorption bands of oxidation-related functional groups. The progressive formation of
hydroperoxides, the primary products of lipid oxidation, generates a broad O-H stretching absorption near 3450 cm™', while
secondary oxidation products such as aldehydes and ketones contribute absorptions in the carbonyl region between 1700 and 1750
cm'. Changes in the ratio of the ester carbonyl band at 1740 cm™ to the C-H deformation bands at 1460 cm ™ have been used as
semi-quantitative indicators of oxidative progression. ATR-FTIR applied to meat surface samples is therefore well suited to
monitoring oxidative deterioration during refrigerated or modified-atmosphere storage (Lucarini et al., 2018).

NIR spectroscopy is less sensitive to lipid oxidation at early stages, as the spectral changes associated with oxidation product
formation are subtle relative to the dominant lipid and water absorptions in this region. However, broad NIR calibrations
incorporating oxidation-related spectral variance have been developed and can provide useful oxidation indices when paired with
robust chemometric models (Prevolnik et al., 2005; Kombolo-Ngah et al., 2023).

Water Holding Capacity

Water-holding capacity, defined as the ability of muscle tissue to retain its inherent water against applied forces such as gravity,
pressure, or heat, is a critical technological quality attribute that determines drip loss, cooking loss, and the visual appeal of fresh
meat at retail. Its spectroscopic determination is mechanistically linked to the physical state of water within the tissue rather than
its total quantity, requiring sensitivity to the hydrogen bonding environment and mobility of water molecules at the protein-water
interface (Bao and Ertbjerg 2019). NIR spectroscopy is particularly well positioned for this measurement, as the precise wavelength
position and shape of the water overtone bands near 970 and 1450 nm are influenced by the degree to which water molecules are
bound to protein structures or exist in a free, mobile state. Shifts in band position and changes in spectral slope in these regions
have been correlated with drip loss and cooking loss values across beef, pork, and poultry samples (Geesink et al., 2003; Zhang et
al., 2023).

FTIR can also contribute information on water-holding capacity through the analysis of protein structural changes that govern
water binding, particularly through the Amide I band profile, which reflects the conformational state of myofibrillar proteins.
Denaturation or structural disruption of myosin and actin, detectable through shifts in Amide I peak position and changes in
secondary structure proportions, correlates with reduced water retention in heat-treated or post-mortem aged samples (Pedersen et



al., 2003; Bertram et al., 2006). For direct, rapid prediction of drip loss and related water-holding metrics in fresh meat, NIR
spectroscopy remains the more practically deployable technique.

Meat Color

Color is the primary visual quality cue used by consumers to assess the freshness and desirability of fresh meat at the point of
purchase, and it is governed principally by the concentration and oxidation state of myoglobin and its derivatives, including
oxymyoglobin and metmyoglobin (Mostafa et al., 2025; Suman et al., 2023; Tushar et al., 2023). The spectroscopic assessment of
meat color naturally falls within the visible and short-wave NIR regions, where myoglobin species produce distinct and well-
characterized absorption bands. Deoxymyoglobin absorbs maximally near 555 nm, producing the characteristic purplish-red color
of freshly cut meat. Oxymyoglobin, formed upon oxygen exposure, exhibits a double absorption peak near 542 and 580 nm and is
associated with the bright cherry-red color preferred by consumers. Metmyoglobin, the oxidized form responsible for undesirable
browning, absorbs near 505 and 630 nm (Arias et al., 2022). Measurement of reflectance in these spectral windows, combined
with ratios between key wavelengths, provides a reliable non-contact basis for monitoring the myoglobin redox status and
predicting instrumental color values such as CIE L*, a*, and b* (Shohiduzjaman et al., 2024; Piao et al., 2022; Rong et al., 2023).

FTIR does not directly capture the electronic transitions responsible for meat color and therefore offers limited utility for direct
colorimetric assessment. However, FTIR monitoring of protein oxidation and structural changes in the heme environment can
provide indirect information about metmyoglobin formation and surface discoloration mechanisms (Dias et al., 2024; Bhandari et
al., 2025).

Tenderness and Texture

Tenderness is widely regarded as the most important eating quality attribute of beef and other red meats, and its objective
determination remains one of the most challenging analytical targets for spectroscopic methods due to the complexity of the
structural factors that govern textural perception. Tenderness is determined by a combination of myofibrillar protein integrity,
connective tissue content, sarcomere length, and post-mortem proteolytic activity, each of which leaves a distinct but overlapping
spectral signature (Naganathan et al., 2008; Soji, 2021). Post-mortem ageing generally improves tenderness, in part through
degradation of myofibrillar proteins such as desmin and troponin-T, although the rate and extent of tenderization differ across
muscles and production contexts (Phelps et al., 2016; Moloney et al., 2020). Recent work integrating histomorphological and gene
expression analyses of muscle fibers across primal cuts has further elucidated the biological basis of these tenderness differences,
providing complementary mechanistic context for spectroscopic tenderness prediction models (Sarker et al., 2024a). Spectroscopic
methods have shown potential for non-destructive tenderness assessment, especially when combined with chemometric models,
but prediction accuracy is inconsistent across studies and tends to depend on sample set, ageing stage, instrument design, and
whether the goal is regression or classification (Savoia et al., 2021). Within this evidence set, NIR and hyperspectral approaches
appear more consistently supported than FTIR-MIR for direct tenderness prediction, while FTIR-MIR appears more useful for
distinguishing early from late ageing stages than for accurately resolving intermediate tenderness differences (El Masry et al.,
2012).

4.8 pH

Post-mortem muscle pH is a key determinant of meat quality, governing water-holding capacity, color development, texture, and
microbial shelf life, with pH, color, and tenderness closely interrelated through their shared dependence on post-mortem glycolysis
and protein denaturation (Sristi et al., 2025). The decline of pH from approximately 7.2 at slaughter to an ultimate value near 5.5
in normal beef, driven by anaerobic glycolysis and lactic acid accumulation, can deviate significantly in cases of dark, firm, and
dry meat or pale, soft, and exudative conditions, both of which represent economically significant quality defects (Khatri and Huft-
Lonergan, 2023). The spectroscopic determination of pH is indirect, relying on the correlated changes in water state, protein
conformation, and myoglobin chemistry that accompany pH variation in post-mortem muscle. NIR spectroscopy has been
successfully applied to pH prediction by exploiting water band shifts associated with changes in the protonation state and hydrogen
bonding environment of tissue water, as well as protein-related absorptions that reflect conformational responses to acidification
(Qu et al., 2018; Sahar et al., 2019). FTIR complements this by providing direct evidence of structural changes in myofibrillar
proteins linked to pH-driven denaturation, particularly through alterations in Amide I band shape and position. Both techniques
have demonstrated acceptable predictive accuracy for pH in multiple meat species, with NIR generally favored for rapid at-line
measurements and FTIR offering greater mechanistic insight into the biochemical consequences of pH variation (Andersen et al.,
2017).

Post-Mortem Aging and Freshness Assessment

The biochemical and structural changes that occur in muscle tissue during post-mortem aging, including proteolytic degradation
of myofibrillar proteins, accumulation of biogenic amines, changes in nucleotide catabolism products, and progressive lipid and
protein oxidation, collectively determine the evolution of meat tenderness, flavor, and microbial safety over time (Bischof et al.,
2024). Both NIR and FTIR have been investigated

as tools for monitoring freshness-related changes during storage, with each offering distinct advantages depending on the specific
marker of interest (Sinelli et al., 2010; Alexandrakis et al., 2012). NIR spectroscopy captures broad compositional shifts, including
changes in water state, protein-water interactions, and accumulating lipid oxidation products, providing a global freshness index
that integrates multiple quality-relevant changes simultaneously (Peyvasteh et al., 2020; Chen et al., 2026). FTIR, with its higher
molecular specificity, can resolve individual markers of deterioration more precisely, including the emergence of volatile fatty acid
absorptions, changes in protein denaturation state, and the spectral signatures of microbial metabolites accumulating at the meat
surface. ATR-FTIR is particularly suited to detecting early-stage spoilage at the surface level, where microbial activity is most
pronounced (Ellis et al., 2002), while NIR provides a complementary volumetric assessment of internal quality changes that may
lag behind surface deterioration. Machine learning-based classification models integrating NIR spectral data with laboratory
reference metrics have further improved the discrimination of fresh versus frozen-thawed meat, offering a dual analytical
framework for freshness verification (Mia and Hashem, 2026). To situate these mechanistic and application-level observations



within the quantitative literature, Tables 4 and 5 compile representative, non-exhaustive examples of published NIR and FTIR
calibration performance for compositional and technological/safety-related meat quality parameters, respectively, reporting the
coefficient of determination (R?), calibration or prediction error, and residual predictive deviation (RPD) as given by the original
authors.

Table 4. Representative NIR and FTIR calibration performance for compositional parameters in meat and meat products

Meat/Product Technique Parameter RZ? (orr) Error (SEP/RMSEP) RPD Reference

Beef, minced NIR Fat / Moisture / 0.98/0.98/0.93 SEP1.38/1.00/0.83 — Dixit et al. (2016)
sausage meat Protein %

Beef, homogenised NIR Fat / Moisture / 0.99/0.98/0.93 SEP0.94/0.76/0.87 — Dicxit et al. (2016)
sausage meat Protein %

Chicken NIR (iSPA-PLS)  Fat content r=0.94 RMSEP 1.59 % 3.02 Krepper et al.
hamburger (2018)

Beef, FT-MIR a-Linolenic acid  0.96 (CV) — — Beriain et al.
intramuscular fat (18:3 n-3) (2021)

Beef, FT-MIR n-3 PUFA 0.93 (CV) — — Beriain et al.
intramuscular fat (2021)

Soy-sauce stewed Dual-band NIR Fat content Rr=0.81 RMSEP2.01 gkg! 1.67 Jiang et al. (2023)
meat

Soy-sauce stewed Dual-band NIR Protein content Rr=0.86 RMSEP 3.37 gkg™! 1.86 Jiang et al. (2023)

meat

Note: R?, coefficient of determination (calibration, cross-validation [CV], or prediction [RP] as reported by the original authors); SEP, standard error of prediction;
RMSEP, root mean square error of prediction; RPD, ratio of standard deviation to prediction error; PUFA, polyunsaturated fatty acids. Values are reproduced as reported
in the cited sources; dashes indicate that the statistic was not reported.

Table 5. Representative NIR and FTIR calibration performance for technological and safety-related quality attributes in meat

Reference

Bertram et al. (2006)

Meat/Product  Technique Parameter/Attribute Reported Performance

Pork FT-IR + low-field

NMR
FTIR (ATR)

r = 0.76 between the extramyofibrillar
water (T22) population and WHC

R>=0.80 (TVC); R2 = 0.92 (pH)

Water-holding capacity

Beef, minced Spoilage (total viable

count) / pH

Ammor et al. (2009)

Pork, MAP- Portable Vis-NIR Colour (L*, a*, C*, h*) R?val > 0.72; RPDval > 2 Arias et al. (2022)
packaged and microbial counts

Beef, lamb, Handheld Vis-NIR  Halal (pork) speciation 95-100 % correct classification (OCC); Dashti et al. (2021)
pork, chicken /NIR 93.4-94.7 % (SVM, Vis-NIR)

Note: WHC, water-holding capacity; ATR, attenuated total reflectance; MAP, modified atmosphere packaging; TVC, total viable count; OCC, one-class classification;
SVM, support vector machine.

Meat Safety and Authenticity Assessment

Beyond compositional quality, the application of NIR and FTIR spectroscopy to meat safety and authenticity represents one of the
most practically consequential and rapidly expanding domains within the field. The economic incentives for meat fraud, combined
with the potential public health consequences of undisclosed species substitution, microbial contamination, and illegal additive
use, have created strong regulatory and commercial demand for rapid, reliable, and nondestructive screening tools capable of
operating across the meat supply chain. Both NIR and FTIR spectroscopy, by virtue of their sensitivity to the molecular fingerprint
of muscle tissue, offer powerful capabilities in this area, with FTIR generally favored for its superior chemical specificity at the
molecular level and NIR preferred where speed, portability, and bulk sampling are prioritized. Table 3 summarizes the principal
applications and their associated spectral markers.

Table 6. Applications of NIR and FTIR spectroscopy in meat safety and authenticity assessment

Application Target Marker/Analyte Spectral Technique and Key Features Representative Sources
Microbial Total volatile basic FTIR: N-H bands ~3300 and 1400-1600 cm™; C- . R
spoilage nitrogen, biogenic amines, O/C=0 bands near 1125/1720 cm™'; ATR surface aB]ek; (1)t22t al,, 2021; Uhlig et
monitoring lactic acid sensitivity matches spoilage-metabolite accumulation ?

Species FTIR: lipid fingerprint region 1000-1500 cm™" with

adulteration and
economic fraud

Species-specific fatty acid
and protein fingerprints

LDA/PLS-DA/SVM classification; NIR: bulk
compositional and myoglobin-based discrimination

Valand et al., 2020; Mortas et
al., 2022

Injected water, oo . .
Exogenous phosphate/carrageenan NIR: shifts in 970/ 14?0 nm water-band shape,iF TIR: Nunes et al., 2019; Rodriguez-
adulterant lumpine. plant protein P-O ~1000-1100 cm™, sulfate ester ~1250 cm™, Saona and Allendorf 2011
detection pumping, p P Amide I/II shifts

fillers
Veterinary Antibiotic classes, e.g., . . . .
drug/chemical tetracyclines and FTIR: carbonyl, amine, aromatic and heteroaromatic Mesfin et al., 2024

residue screening

Halal and kosher
authentication

sulfonamides

Porcine-derived fat and
tissue in certified products

signatures; micro-ATR for surface-level screening

FTIR: lipid fingerprint (oleic/linoleic ratio) with ATR

+ chemometrics, ~1% detection limit; NIR: rapid
screening of intact or processed samples

Dashti et al., 2021; Airin et al.,
2025




Microbial Spoilage Monitoring

The microbiological deterioration of meat during refrigerated storage is driven by the progressive proliferation of spoilage-
associated bacterial communities on the tissue surface, accompanied by the accumulation of characteristic metabolic byproducts
that alter the chemical composition of the meat matrix in measurable ways (Bekhit et al., 2021). Total volatile basic nitrogen,
comprising ammonia, trimethylamine, and dimethylamine released through bacterial proteolysis and amino acid catabolism, is
among the most widely used chemical indicators of microbial spoilage and correlates well with total viable bacterial counts and
sensory rejection thresholds (Uhlig et al., 2024). FTIR spectroscopy is particularly well suited to monitoring these changes, as the
N-H stretching and bending absorptions of volatile basic nitrogen compounds contribute detectable features in the 3300 cm™ and
1400 to 1600 cm™ regions of the mid-infrared spectrum. The surface sensitivity of ATR-FTIR sampling makes it ideally matched
to the detection of spoilage metabolites that accumulate preferentially at the tissue surface and packaging interface, where bacterial
colonization is most active (Ammor et al., 2009; Papadopoulou et al., 2011).

Biogenic amines, including histamine, putrescine, cadaverine, tyramine, and spermidine, formed through the decarboxylation of
free amino acids by specific spoilage bacteria, represent both quality markers and food safety concerns, particularly in the context
of histamine toxicity in certain species (Spyrelli et al., 2021). Their characteristic N-H and C-N vibrational signatures are detectable
by FTIR, and multivariate calibration models built on mid-infrared spectral data have demonstrated the ability to predict biogenic
amine concentrations with reasonable accuracy in refrigerated meat and fish samples. Lactic acid, accumulating as a product of
facultative anaerobic bacterial metabolism under modified-atmosphere packaging conditions, contributes a distinctive C-O
stretching absorption near 1125 cm™ and a carbonyl band near 1720 cm™, both of which can be monitored by FTIR as indicators
of anaerobic spoilage progression. NIR spectroscopy has also been applied to spoilage monitoring, primarily through broad
chemometric models trained to detect the cumulative spectral changes associated with bacterial growth and metabolite
accumulation, though its lower molecular specificity relative to FTIR means that it generally functions as a screening tool rather
than a mechanistically resolved monitoring platform (Spyrelli et al., 2021; Candogan et al., 2021). Hyperspectral NIR imaging has
shown additional promise for spatially mapping the distribution of spoilage-related spectral changes across meat surfaces, enabling
the detection of heterogeneous spoilage patterns that point-based measurements would miss (Jin et al., 2023; Chen et al., 2026).

Species Adulteration and Economic Fraud

The substitution or undisclosed blending of low-value meat species into products sold or labeled as higher-value alternatives
represents one of the most prevalent and economically significant forms of food fraud globally (Valand et al., 2020). High-profile
adulteration incidents involving the inclusion of horsemeat in beef products, pork in halal-certified meat, and poultry in premium
minced beef have demonstrated both the scale of the problem and the inadequacy of conventional inspection methods for its
detection (Hashem et al., 2024a, 2024b and 2023a; Mortas et al., 2022). NIR and FTIR spectroscopy offer complementary
approaches to species authentication, exploiting the subtle but consistent differences in the molecular composition of muscle tissue
from different animal species to generate species-specific spectral fingerprints.

FTIR spectroscopy has demonstrated particular utility in species adulteration detection, as the mid-infrared spectrum of meat
reflects the precise fatty acid composition, protein secondary structure distribution, and glycogen content of the tissue, all of which
vary in characteristic ways between species. (Siddiqui et al., 2021). The lipid fingerprint region between 1000 and 1500 cm™,
encompassing C-H deformation, C-O stretching, and ester-related absorptions, is especially informative for species discrimination,
as the fatty acid profiles of different animal species differ in chain length distribution and degree of unsaturation in ways that
produce measurable band position and intensity differences (Mortas et al., 2022). ATR-FTIR combined with linear discriminant
analysis, partial least squares discriminant analysis, or support vector machine classification has achieved high classification
accuracies for binary and multi-species discrimination tasks, including the detection of pork adulteration in beef, poultry
adulteration in minced lamb, and horsemeat inclusion in beef products at levels as low as a few percent by mass (Lia et al., 2025).

NIR spectroscopy approaches species authentication from a complementary angle, utilizing the broad compositional differences
between species in terms of moisture, fat, and protein content, as well as species-specific differences in myoglobin content reflected
in the visible and short-wave NIR region, to construct discriminant models capable of identifying adulterated products (Zuo et al.,
2024; St John et al., 2025). The availability of portable and handheld NIR devices makes this approach particularly attractive for
rapid screening at points of receipt in processing facilities or at retail, where laboratory-based confirmation methods may not be
immediately accessible. Raman spectroscopy has also emerged as a valuable complementary tool in this context, with its sensitivity
to lipid unsaturation and protein structural features providing discriminatory information that reinforces NIR and FTIR-based
classification (Saleem et al., 2025). NIR spectroscopy coupled with machine learning algorithms has further demonstrated the
ability to authenticate fresh and frozen meat across multiple species by referencing physicochemical and bioactive markers (Mia
et al., 2025), as well as to discriminate cooked poultry meat of different species such as broiler and duck (Bristy et al., 2025;
Khatun et al., 2022).

The challenge of detecting adulteration in processed, heat-treated, or highly comminuted meat products is substantially greater
than in fresh meat, as thermal processing denatures proteins, redistributes water, and alters the lipid matrix in ways that reduce
species-specific spectral contrast. Addressing this limitation has required the development of spectral libraries encompassing
processed meat products and the application of more sophisticated chemometric approaches, including transfer learning and
ensemble modeling strategies, capable of generalizing across the wider spectral variability introduced by processing.

Exogenous Adulterant Detection

Beyond species fraud, meat products are subject to a range of adulteration practices involving the addition of exogenous substances
intended to increase product weight, improve visual appearance, or reduce production costs while deceiving consumers and
evading regulatory inspection. Two categories of exogenous adulteration are of particular concern: illegal water injection through
brining or phosphate-based plumping, and the incorporation of non-meat protein fillers such as soy protein isolates, wheat gluten,
or other plant-derived proteins (Nunes et al., 2019; Kosek et al., 2019).



Water injection, achieved by infusing meat cuts with saline solutions, phosphate buffers, or carrageenan-based water-retention
formulations, artificially inflates the weight of the product while diluting its true nutritional value (Nunes et al., 2016). The
spectroscopic detection of this practice relies on the ability to distinguish between naturally bound tissue water and exogenously
added free water, a distinction that is accessible through NIR spectroscopy by virtue of the sensitivity of water overtone band
shapes and positions to the hydrogen bonding environment. Free water introduced through injection is less tightly bound to protein
structures than native tissue water, producing subtle but detectable shifts in the 970 and 1450 nm water overtone features (Li et
al., 2020). Additionally, the presence of phosphate salts introduces characteristic P-O stretching absorptions in the FTIR mid-
infrared region near 1000 to 1100 cm™, providing a direct chemical marker of phosphate-based plumping that can be detected by
ATR-FTIR even at relatively low concentrations. Carrageenan, used as a gelling agent in some water-retention formulations,
contributes distinctive sulfate ester absorptions near 1250 cm™ and glycosidic linkage bands near 1070 cm™ that are readily
identifiable in FTIR spectra (Rodriguez-Saona and Allendorf, 2011).

The detection of non-meat protein fillers presents a different spectroscopic challenge, requiring the identification of plant-derived
protein signatures against the dominant animal protein background of the meat matrix. Soy protein isolates contain phenylalanine-
rich proteins whose spectral contributions differ from those of myofibrillar proteins in the Amide I region, and soy-specific
isoflavone absorptions in the 1600 to 1650 cm™ region can serve as chemical markers of soy adulteration detectable by FTIR.
Wheat gluten, characterized by its high glutamine and proline content, produces Amide I and Amide II band profiles that differ
measurably from those of meat proteins, and its presence at substitution levels above a few percent can be detected through
multivariate analysis of ATR-FTIR spectra (Nunes et al., 2019; Candogan et al., 2021). NIR spectroscopy has also been applied to
plant protein filler detection, exploiting differences in the N-H combination band region associated with the distinct amino acid
compositions of plant versus animal proteins, as well as carbohydrate-related absorptions introduced by starch fillers that have no
counterpart in pure meat spectra (Rady and Adedeji, 2018; Jia et al., 2024a).

Veterinary Drug and Chemical Residue Detection

The presence of veterinary drug residues, including antibiotic compounds, hormonal growth promoters, and anti-inflammatory
agents, in meat intended for human consumption represents a significant food safety concern with direct implications for public
health and international trade (Mesfin et al., 2024). While chromatographic and immunochemical methods remain the gold
standard for residue detection at regulatory action levels, NIR and FTIR spectroscopy have been investigated as complementary
screening tools capable of flagging suspect samples for confirmatory analysis. FTIR spectroscopy is particularly relevant in this
context, as many veterinary drug classes possess characteristic mid-infrared absorption signatures arising from their carbonyl,
amine, aromatic, and heteroaromatic functional groups. Surface-enhanced techniques and micro-ATR approaches have improved
the sensitivity of FTIR-based residue detection, enabling the identification of specific antibiotic classes including tetracyclines and
sulfonamides in meat extracts and, in some cases, directly on meat surfaces (de Freitas et al., 2021; Lee et al., 2026).

Halal Authentication

Religious dietary compliance represents a globally significant meat authenticity concern, with the halal and kosher meat markets
collectively representing hundreds of billions of dollars in annual trade (Hashem et al., 2023b and 2023c; Airin et al., 2025). The
spectroscopic verification of halal and kosher status centers primarily on the detection of forbidden species, particularly porcine-
derived tissues and fats, in products certified or labeled as compliant. Porcine fat possesses a distinctive fatty acid composition,
characterized by relatively high proportions of oleic and linoleic acids compared to ruminant fats, which produces measurable
differences in the lipid fingerprint region of FTIR spectra (Mortas et al., 2022). ATR-FTIR combined with chemometric
classification has been widely applied to pork lard detection in beef, lamb, and poultry matrices, achieving detection thresholds of
approximately 1% by mass in binary fat mixtures, well within the sensitivity range required for regulatory screening purposes
(Dashti et al., 2021). NIR spectroscopy offers a complementary rapid screening capability, particularly for intact or minimally
prepared samples where ATR contact may be impractical, and has demonstrated useful classification accuracy for halal
authentication in processed meat products where the lipid signature remains sufficiently preserved despite thermal treatment
(Nurani et al., 2024; Airin et al., 2025).

Methodological Challenges and Limitations

Despite the considerable analytical promise demonstrated by NIR and FTIR spectroscopy in meat quality assessment, safety
monitoring, and authenticity verification, their translation from controlled research settings into routine industrial deployment
remains constrained by several persistent methodological challenges. The inherent complexity and heterogeneity of meat as an
analytical matrix is perhaps the most fundamental of these. Fresh muscle tissue is a structurally anisotropic, biochemically dynamic
material whose optical properties vary with fiber orientation, intramuscular fat distribution, myoglobin oxidation state, surface
moisture, post-mortem age, and temperature, all of which introduce spectral variability unrelated to the quality parameter of
interest. Scatter correction algorithms such as standard normal variate transformation and multiplicative scatter correction can
partially address these effects but cannot fully compensate for the extreme sample-to-sample variability encountered in intact
whole-muscle cuts (Jia et al., 2024b; Dai et al., 2026).

Water, as the dominant absorbing species in fresh meat, poses an acute challenge for both techniques. In NIR, intense water
overtone bands near 970, 1450, and 1940 nm can mask weaker absorptions of protein and fat, reducing calibration sensitivity
(Kaur et al., 2025). In FTIR, strong O-H absorptions overlap directly with protein Amide bands in the 1600 to 1700 cm™ region,
complicating structural interpretation and requiring careful spectral subtraction procedures (Kassem et al., 2023). Neither technique
fully resolves water interference in high-moisture meat matrices without preprocessing, and the trade-off between analytical
throughput and correction rigor remains an unresolved practical tension. Calibration model development represents a further
critical bottleneck. Robust calibration requires large, diverse sample sets spanning variation across breeds, feeding regimes,
slaughter ages, post-mortem handling conditions, and geographic origins, the assembly of which is expensive and logistically
demanding. Many published studies rely on narrow sample populations that generalize poorly beyond their specific production
context, and overfitting to limited datasets remains a persistent risk insufficiently addressed by cross-validation alone (Biancolillo
et al., 2020; Tarapoulouzi et al., 2026; Dai et al., 2026).
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Calibration transfer between instruments presents an additional barrier to standardized industrial deployment. Even nominally
identical instruments from the same manufacturer can differ sufficiently in detector response, optical alignment, and wavelength
accuracy to render a calibration developed on one system inaccurate on another. Transfer algorithms such as piecewise direct
standardization can partially compensate for these differences but introduce their own uncertainty, and the challenge is
compounded further when transferring models between benchtop and portable platforms (Tarapoulouzi et al., 2026; Dai et al.,
2026). Portable NIR and FTIR devices, while offering operational flexibility, typically exhibit lower spectral resolution, reduced
signal-to-noise ratios, and narrower wavelength ranges than benchtop systems, compromising predictive accuracy for quality
parameters with subtle spectral signatures. Their physical robustness under the temperature, humidity, and contamination
conditions of meat processing environments is also not always adequate for sustained routine use (Be¢ et al., 2022).

For NIR reflectance measurements, probe-to-sample distance, illumination angle, and sample temperature all influence spectral
output in ways difficult to control on a production floor. For ATR-FTIR, inconsistent crystal contact pressure and surface
contamination from fatty or proteinaceous residues between measurements can significantly degrade spectral quality and model
performance (Dixit et al., 2017b; Candogan et al., 2021). The absence of universally standardized spectral databases and validated
reference methods further constrains both cross-laboratory comparison and regulatory acceptance of spectroscopic approaches.
Without shared libraries of authenticated meat species, adulterated products, and quality-defect categories, establishing the method
equivalence and reproducibility that regulatory bodies require remains difficult. Finally, the interpretability of complex
chemometric and machine learning models built on high-dimensional spectral data raises legitimate concerns about scientific rigor
and regulatory transparency. Models based on partial least squares or deep learning architectures can deliver impressive predictive
performance while providing limited mechanistic justification for their outputs, a deficiency that is particularly consequential in
food safety and authenticity contexts where false-negative results carry serious implications. Developing more interpretable model
architectures and robust uncertainty quantification frameworks therefore remains an important priority as these techniques advance
toward broader regulatory acceptance.

Conclusions and Future Research

NIR and FTIR spectroscopy have collectively established themselves as powerful and complementary analytical tools for the
nondestructive assessment of meat quality, safety, and authenticity. NIR spectroscopy delivers rapid, volumetric assessment of
bulk compositional parameters including moisture, protein, fat, and water-holding capacity, with versatility spanning laboratory
benchtops to portable handheld devices. FTIR complements this with superior molecular specificity at the tissue surface, resolving
protein structural changes, lipid oxidation products, microbial metabolite accumulation, and species-specific biochemical
fingerprints with a precision that bulk NIR measurements cannot match. Their combined deployment addresses the full analytical
range from gross compositional quality to molecular-level authenticity verification, representing a more robust framework for
meat quality governance than either technique provides in isolation.

The miniaturization of portable spectroscopic devices will progressively close the performance gap with laboratory-grade systems,
enabling reliable quality assessment at every node of the supply chain. Integration with hyperspectral imaging will add spatial
resolution to spectral measurements, while artificial intelligence and deep learning approaches offer substantial promise for
automating feature extraction and generalizing calibration models across instruments and production environments. The
establishment of open-access, curated spectral databases encompassing authenticated meat samples across species, breeds, and
processing conditions would represent a transformative advance, enabling cross-laboratory validation and regulatory
harmonization. Data fusion strategies combining NIR and FTIR with complementary modalities such as electronic nose arrays and
fluorescence spectroscopy offer further potential for capturing complex quality attributes beyond the reach of either technique
alone. Ultimately, continued advances in instrumentation, chemometrics, and regulatory frameworks will be essential for
transitioning NIR and FTIR spectroscopy from research tools into the backbone of a more transparent and scientifically rigorous
global meat quality assurance system.
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