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Blood is a complex biofluid with distinct optical characteristics that underpin a range of diagnostic and monitoring technologies. This review examines the absorption, scattering, and refractive index properties of whole blood and its components across the visible and near-infrared spectrum. Blood’s optical properties are determined primarily by water, hemoglobin, and its encapsulation in red blood cells. Hemoglobins dominate blood’s light absorption in the 400–1,100 nm range, with sharp spectral differences between oxygenated and deoxygenated forms. Scattering in whole blood is primarily due to red blood cells and is influenced by hematocrit, oxygenation, shear rate, and osmolarity. Reduced scattering coefficients are close to 13 cm−1 in the whole visible range of the spectrum, and the anisotropy factor is close to unity, indicating highly forward-directed scattering. While other blood cells (white blood cells and platelets) do not contribute significantly to blood’s optical properties, their scattering properties are used in many biomedical applications. We also highlight the role of the geometry of experiment—including detour, sieve, and self-shielding phenomena—in shaping blood’s optical response. Multiple clinical technologies, such as pulse oximetry, are based on blood’s optical properties. Recently reported discrepancies between consumer and clinical devices highlight the need for more accurate models of blood optics for emerging biomedical and wearable sensing applications.
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1 INTRODUCTION
Blood is a critically important biofluid responsible for transporting oxygen and nutrients to all body tissues and removing waste. Blood has distinct optical features in the visible spectrum range, enabling multiple biomedical optical methods.
The study of optical and, particularly, the absorption properties of blood has a long history. Lavoisier (1743–1794) in 1777 observed that “the respirable portion of air has the property to combine with blood, and its combination results in its red color” (Lavoisier, 1777). Marie Francois Xavier Bichat (1771–1802) expanded Lavoisier’s observations and found that in the capillaries, light red blood was transformed into dark red blood. The opposite was observed in the lungs (Bichat, 1818). However, no explanation was given at the time.
It took another 50 years for these observations to become quantitative. Van Assendelft (1970) wrote in the introduction of his book, “Since the introduction of spectrophotometry, the technique has been applied in the study of haemoglobin and its derivatives. Among those who have contributed to the early spectrophotometric studies of haemoglobin derivatives mention should be made of the following. Angstrom was the first to describe spectral characteristics of blood in 1855 (Ångström, 1855). Hoppe (1862) described the light absorption bands of oxy and haemoglobin in the visible part of the spectrum. First mention of spectral characteristics of haemoglobin in the ultra-violet is made by Soret (1883) in 1878. His work was improved upon by Gamgee and Hill (1903) in 1897 using a quartz spectroscope with the sun as light source. Vierordt and Laupp (1873) again described spectral characteristics of haemoglobin and oxyhaemoglobin, also supplied a method to determine the haemoglobin content of blood samples using spectrophotometry. Calculation of the relative and total concentration of different haemoglobin derivatives was introduced by Hüfner and Pietzcker (1899). Also, in the nineteen thirties a great deal of work on the spectral characteristics of haemoglobin derivatives was published by Drabkin (1935). The first comprehensive monograph on this topic appeared in 1933 (Heilmeyer, 1933).
Despite its long history, blood optics is a dynamic field, which has numerous biomedical applications. With recent advances in sensor technologies, the biomedical field is experiencing a rapid influx of new technologies. As a result, in addition to traditional clinical applications, multiple applications in consumer health emerged. Many of these technologies are optics-based. For example, pulse oximetry found multiple applications in consumer health (smartwatches and Oura ring), and millions of users rely on them in daily life. However, while pulse oximetry technology is being considered as being simple to grasp, the direct comparison between consumer-grade and clinical-grade pulse oximeters paints quite a bleak picture (Zhang and Khatami, 2022). For example, the absolute mean difference between blood oxygen saturation between the Garmin smartwatch (Garmin, Olathe, KS, United States) and clinical oximeter increased from 4.7% to 13.1% when altitude increased from 0 to 5,500 m (Hermand et al., 2021). In part, it may be attributed to the fact that most of these new technologies are being developed outside of traditional biomedical labs, which accumulated extensive experience in the optics of blood. Thus, developers of new optical technologies and other new entrants to the field may benefit from a single source introduction to the field, which may help them to better understand contributing factors and how these factors interact and are interrelated.
This article aims to overview the optical properties of blood with a primary focus on visible and Near InfraRed (NIR) ranges of the spectrum, which are primarily used in clinical and particularly in consumer health applications. Light absorption and scattering by blood are key optical phenomena with distinct features that have found multiple applications in biooptics. While hemoglobin dominates the blood absorption, the blood scattering arises from multiple sources. In general, light scattering arises from a mismatch of refractive indices. Thus, the light scattering in blood arises primarily from a mismatch of refractive indices between the plasma and cells, particularly cell membranes. As such, the discussion of scattering will be incomplete without discussing the refractive index. Moreover, the refractive index of the medium is linked with its absorption through Kramers–Kronig equations (discussed in Sections 2, 3).
The purpose of this article is two-fold. Since the optical properties of blood are interrelated, this article aims to provide a broad overview of the optical properties (including absorption, scattering, and refractive index) of blood and its components. This complements other excellent resources (see, for example, Yaroslavsky et al., 2002), which focus on narrower aspects of the optical properties of blood. In addition, despite the long history, the blood’s optical properties are not a static field. Thus, since the last reviews novel technologies for measuring optical properties have emerged. Additionally, several theoretical concepts (i.e., a link between the refractive index of the medium and its absorption through Kramers–Kronig equations) have been refined. Therefore, the current review aims to accommodate these new developments.
Structurally, the blood consists of four essential components: red blood cells (RBCs), white blood cells (WBCs), platelets, and plasma. Blood plasma is a light, amber-colored liquid component of blood, which contains proteins (e.g., albumin) and other constituents of whole blood in suspension. Plasma comprises about 55% of the body’s total blood volume (50%–59% in men and 56%–64% in women (Cleveland Clinic, 2025). Cellular components comprise another 45% of the body’s total blood volume (hematocrit is 41%–50% in men and 36%–44% in women (Cleveland Clinic, 2025). Red blood cells (RBCs or erythrocytes) dominate among cell components (∼4,500 × 103/μL blood). Other types of cells are white blood cells (leukocytes, ∼8 × 103/μL blood) and platelets (thrombocytes, ∼300 × 103/μL blood). Given the broad hierarchy of blood components and the complex composition of blood, the optical properties of blood are quite complex as different components contribute to the optical properties at various degrees. As such, in addition to the optical properties of whole blood, we included a review of the optical properties of its components.
Two forms of liquid components of blood are used in clinical tests and biomedical research: blood plasma and serum. Blood plasma is the liquid component of blood in which formative elements (blood cells) have been removed, but which contains proteins and other constituents of whole blood in suspension. It is obtained by centrifugation of the blood. Serum may be defined as blood plasma without the clotting factors, or as blood with all cells and clotting factors removed. To obtain serum, a blood sample is allowed to clot (coagulation), and then centrifuged. As such, the serum contains all the plasma proteins except the clotting factors. The difference in optical properties between plasma and serum is minor. As plasma and serum are often used in biooptical measurements, we also included them in the review.
As a reader may be interested in a particular narrow topic we deliberately separated absorption, refractive index, and scattering into separate Sections (Sections 2–4, respectively). Within each Section, we follow the same structure: starting the analysis of optical properties from individual components and building it to larger structures like cells and whole blood. However, in Section 5 we summarized key findings across various components.
2 ABSORPTION PROPERTIES OF BLOOD AND ITS COMPONENTS
A thorough understanding of the optical behavior of whole blood requires consideration of the individual contributions of its components. Section 2 initiates this examination with a focus on absorption, as characterizing the absorption properties of blood and its constituents offers a foundational perspective on light–tissue interactions within this complex medium.
2.1 Absorption and extinction coefficients
The attenuation of light in a chromophore in the spectroscopic literature is typically reported in reference to molar concentrations (a molar extinction coefficient or extinction coefficient). In general, extinction (attenuation) refers to both absorption and scattering. However, in a non-scattering media, extinction is determined solely by absorption.
A typical spectroscopic setup includes light propagation through a cuvette. The light propagation of an initial light intensity I0 in a cuvette with a known pathlength L containing a non-scattering medium with the concentration of chromophore C [mol L−1] or [M] follows the Beer-Lambert law to determine the transmitted light intensity IL (Equation 1):
IL=I010−εCL(1)
here ε is the extinction coefficient [cm−1M−1] or [L cm−1mol−1]. Historically, in spectroscopy, the distance is measured in [cm], and the base 10 is used instead of e.
The absorption coefficient μa of a tissue, commonly used in biooptics, is the sum of contributions from all absorbingchromophores within the tissue. Using Equation 1, the absorption coefficient of the medium can be expressed through extinction coefficients and concentrations of its chromophores indexed by i (Equation 2).
μa=ln⁡10∑iεiCi(2)
here, the absorption coefficient is measured in [cm−1].
However, molar concentrations are not always known. In this case, volume fractions fi of chromophores are used (Equation 3):
μa=∑iμa,ifi(3)
Absorption is related to the complex refractive index of the sample. In particular, the complex refractive index m(ω) can be split into the sum of real and imaginary parts, m(ω) = n(ω) + iκ (ω), where the imaginary part refers to dissipation, which can be linked to the absorption coefficient (Equation 4) (Faber et al., 2004).
κω=cμa2ω(4)
here, c is the speed of light and ω is the angular frequency of light.
Using this formalism, the imaginary part (absorption) can be linked with the real part of the refractive index using Kramers–Kronig equations (see Section 3). As it is usually easier to measure absorption than refractive index, these relationships are typically used in one direction—to determine the imaginary refractive index using absorption measurements.
2.2 Absorption of blood and its components
Blood primarily consists of plasma (ca. 55% of blood by volume) and RBCs (ca. 45% of blood by volume), the primary cell components of blood. Other cell types can be broadly grouped into leucocytes (white blood cells) and thrombocytes (blood platelets).
2.2.1 Serum and plasma
As cell-free plasma consists of 90% water and 10% proteins, it is important to consider these components (Institute for Quality and Efficiency in Health Care IQWiG, 2023). In particular, the optical properties of blood in most spectral regions are dominated by the optical properties of water. The absorption spectrum of serum compiled from two sources is depicted in Figure 1. The absorption spectrum of water is included for comparison.
[image: Graph depicting absorption spectra of human serum and water over a wavelength range of 200 to 1700 nanometers. The blue line represents human serum, showing higher absorption at shorter wavelengths, while the orange line represents water, with less variation.]FIGURE 1 | Compilation of the absorption spectra of human serum (Morgner et al., 2011; Ribed-Sánchez et al., 2018) in the 200–1,700 nm range. The water spectrum plotted from data by Hale and Querry (1973).2.2.1.1 Water
Optical constants of water were measured and reviewed on multiple occasions (see, for example, Querry et al., 1997). Prahl (2025a) reviewed the optical properties of water, including absorption, and found that the data was consistent between the different authors. The water absorption coefficient in the 200–1700 µm range is depicted in Figure 1.
2.2.1.2 Proteins
The absorption of plasma in the IR is dominated by water absorption. However, plasma has much higher absorption than water for UV and visible wavelengths due to the proteins and other molecules (see Figure 1). Moreover, the absorption is subject to individual variability and sample preparation techniques; plasma from different individuals can vary from yellow to green to orange to brown.
Meinke et al. (2007) found that plasma absorption deviates from water absorption in some spectral regions and depends on the preparation. For example, plasma centrifuged at 62,000 g for 1 h showed an absorption peak at 460 nm (attributed to bilirubin), reaching a value of 0.08 mm−1. Plasma centrifuged at 1,600 g for 30 min showed an absorption peak of 0.37 mm−1 at 415 nm and 0.02 mm−1 at 580 nm. These peaks are most likely attributed to free hemoglobin. They also found that plasma absorption above 750 nm generally follows that of water.
2.2.2 Hemoglobin
There have been several studies on the absorption coefficients of hemoglobins. For example, using transmission spectrophotometry, Zijlstra et al. (2021) measured the absorption of hemolyzed hemoglobin in the 450–800 nm range.
A widely-used hemoglobin absorption dataset has been compiled by Prahl (2025b) for molar extinction coefficients of oxy- and deoxyhemoglobins in water in the range of 250–1,000 nm, citing data from van Assendelft (1970), Gratzer et al. (1999), Moaveni (1970), Schmitt (1986) and Takatani and Graham (1979).
As mentioned in Section 2.1, extinction coefficients can be turned into absorption coefficients for any particular hemoglobin content, x, measured in [g/L] (Equation 5).
μa=2.303εx64,500 g/mol(5)
It should be noted that as hemoglobin is a tetramer, different authors report extinction differently, either per globin (e.g., Zijlstra and Buursma, 1997) or per the whole molecule (e.g., Prahl, 2025b). This results in a correction factor of 4, which may need to be included.
The absorption coefficients for human oxy- and deoxyhemoglobin at normal hematocrit (150 g/L) are depicted in Figure 2.
[image: Graph showing absorption spectra of oxyhemoglobin (blue), deoxyhemoglobin (red), carboxyhemoglobin (yellow), and methemoglobin (purple) across wavelengths 400 to 1000 nm. An isosbestic point is marked at 805 nm. Soret Band and Q-Band are highlighted for convenience. The y-axis represents absorption coefficients (μₐ) in cm⁻¹.]FIGURE 2 | The absorption coefficient of oxy- and deoxyhemoglobin [calculated from the extinction coefficients provided by Prahl (2025b)], and carboxy-and methemoglobin (calculated from the extinction coefficients provided by Zijlstra and Buursma (1997)), at normal hemoglobin concentration (150 g/L).The absorption spectra of oxy, deoxy-, carboxy-, and methemoglobins in the visible and near-infrared spectral range (450–1,000 nm) were measured by Zijlstra et al. (1991). In addition, they found that the small differences between fetal and adult hemoglobin absorption were significant enough to be considered in a multicomponent analysis of hemoglobin derivatives.
The absorption coefficients for human carboxy- and methemoglobin at normal hematocrit (150 g/L) are depicted in Figure 2, showing substantial divergence for methemoglobin around 630 nm.
2.2.3 Other blood components
2.2.3.1 White blood cells
Meinke et al. (2007) found that the existence of physiological concentrations of leucocytes has no measurable influence on the optical properties of plasma and, therefore, on the optical parameters of whole blood.
2.2.3.2 Platelets
Platelets absorb light much like pure plasma (Meinke et al., 2007). Even when platelets are highly concentrated, the plasma absorption maximum at 410 nm is shifted to 420 nm at 0.79 cm−1.
2.2.4 Whole blood
Whole blood consists of blood plasma and blood cells (primarily RBCs). Whole blood is a densely packed solution of RBCs, where neighboring RBCs may be in contact with each other. The concentration of RBCs in whole blood is characterized by hematocrit (hct), the cell volume fraction within the whole blood volume. A typical range for hematocrit is from 39%–55% in men and 36%–48% in women (Miale, 1989). The hemoglobin concentration ranges from 139–163 g/L (men) and 120–150 (women) for whole blood or 299–357 g/L for packed RBCs collected from donors (Roggan et al., 1999).
The absorption of whole blood has been investigated on several occasions. Most recently, they were reviewed by Bosschaart et al. (2014).
Schmitt (1986) measured hematocrit (hct) and blood oxygen saturation (SO2) using an implantable oximeter.
Roggan et al. (1999) investigated the optical properties of circulating human blood at 633 nm using a double integrating sphere technique and Monte Carlo simulations. They found that “(a) scattering and absorption increased at hematocrit <50%; (b) absorption and scattering decreased slightly with increasing shear rate; (c) the deformation of erythrocytes had no significant impact on the optical properties if volume and hemoglobin content was kept constant; (d) increasing osmolarity leads to an increase of absorption while scattering and anisotropy decreased; (e) increasing hemolysis led to a reduction in absorption and scattering and (f) hemoglobin solutions had a smaller absorption coefficient than whole blood at the same hemoglobin concentration.”
The most surprising finding by Roggan et al. (1999) was that the absorption coefficient μa significantly decreased with increasing hemolysis. In particular, when blood was completely hemolyzed, μa amounted to 0.11 ± 0.03 mm−1, which was only 55% of the value for intact blood (0.20 ± 0.05 mm−1).
Roggan et al. (1999) also measured the absorption coefficients of water and solutions of oxy- and deoxyhemoglobin in water in the 400–2,500 nm range (Figure 3). The absorption of hemoglobin solutions closely follows the spectral dependence of water in the 1,350–2,500 nm range.
[image: Graph showing absorption coefficients from 400 to 2400 nanometers for three substances: Hb SatO2 at 0% and 100%, and pure water. The y-axis is a logarithmic scale for absorption in inverse centimeters. Each substance has distinct spectral characteristics across the wavelength range.]FIGURE 3 | Absorption coefficients of water and solutions oxy- and deoxyhemoglobin in water at hct = 5% and a shear rate of 500 s−1. Reproduced from Roggan et al. (1999) CC BY 4.0.The position of the absorption peaks of the blood depends on numerous factors. In particular, the position of Q-band peaks (535, 555, 576 nm) depends on oxygenation. The peak in the Soret band (400–450 nm) depends on numerous factors. For example, it depends on the age of the bloodstain (Hanson and Ballantyne, 2010), which can be used in criminology. Hanson and Ballantyne (2010) found a blue shift in the visible absorption spectrum of the Hb Soret band (from 414 nm to 408 nm) that strongly correlates with the age of the bloodstain. In addition to the age, the magnitude of the shift (0–7 nm) also depends upon the ambient temperature and relative humidity. The molecular basis for the observed Soret band blue-shift is likely based upon oxidation, dehydration, and hemichrome formation, followed by the eventual loss of coordinated heme and release of free iron.
The absorption of the whole blood is affected by multiple factors. Below are the primary factors that may impact measurements.
2.2.4.1 Hematocrit
Blood absorption is affected by hematocrit. As mentioned, Roggan et al. (1999) found that scattering and absorption increased linearly at hct < 50%. Several other effects may affect light absorption by blood, including so-called detour and sieve effects.
Pigments are typically found to be concentrated in cells (hemoglobins) or organelles (melanin); thus, the distribution of hemoglobin in the blood is not uniform. As a result, when light traverses the turbid media, refractive index mismatches between cell walls and intercellular medium cause multiple internal scatterings that increase the light optical pathlength, increasing the probability of light absorption. This lengthening of the optical pathlength is referred to as the detour effect (Butler, 1964).
The distribution of absorbers within a target media can also have an opposite effect on light absorption. For example, light may traverse a turbid media, such as blood, without encountering any pigment-containing structures, effectively passing through a sieve. The sieve effect in the blood can decrease absorption at strongly absorbed wavelengths.
Detour and sieve effects have opposite impacts on absorption. Moreover, they are dominant in different spectral ranges. While the detour effect is more noticeable in bands of absorption minima (Garlaschi et al., 1989), the sieve effect is more noticeable in bands of absorption maxima (Rabinowitch, 1951). Absorption spectra with strong sieve effects show flattened absorption peaks, hence the alternative term flattening effect.
Northam and Baranoski (2010) investigated the sieve factor in blood samples and its dependence on hematocrit and blood sample thickness using in silico modeling, namely, ray-casting techniques to compute the probability of a light ray intersecting these cells as it traverses a blood sample. In addition to a strong dependence on hematocrit, they found a strong dependence on the blood sample thickness (see Figure 4). However, the effect is noticeable only for both low hematocrit (below 10%) and thin sample thicknesses (below 1 mm).
[image: Line graph comparing sieve effect factor percentages against hematocrit percentages for three variables: volume equivalent spheres (solid blue line), randomly oriented TUC-cells (dashed green line), and flow oriented TUC-cells (dotted red line). All lines show a decreasing trend, with the red line starting higher and maintaining a greater percentage throughout.]FIGURE 4 | Plots of sieve effect factors (comparison with uniformly distributed hemoglobin from lysed blood cells) were computed for blood samples with thickness equal to 0.1 mm (left panel) and 0.5 mm (right panel). Three representations for the erythrocytes were considered in these experiments: volume equivalent spheres, randomly oriented torus with a cylinder or TUC-cells, and flow-oriented TUC-cells. Reproduced from Northam and Baranoski (2010) with permissions.2.2.4.2 Oxygenation
The absorption of whole blood depends on the oxygenation. The isosbestic point, where absorption is independent of the oxygenation level, is at 805 nm (See Figure 2).
The difference in absorption between Hb and HbO2 is used to determine blood oxygenation by optical means. In a typical scenario, two wavelengths are used, one with dominant Hb absorption (e.g., 660 nm) and one with dominant HbO2 absorption (e.g., 880 nm).
2.2.4.3 Shear rate
RBC movement in blood vessels affects many things, including optical interactions. Overall, absorption and scattering decrease slightly with increasing shear rate (Roggan et al., 1999) (see Figure 5). High shear rates deform the RBCs and their orientation in the flow.
[image: Graph showing absorption coefficient \(\mu_a\) and reduced scattering coefficient \(\mu_s'\) against shear rate. \(\mu_a\) is represented by a blue dashed line, decreasing from 8.2 to about 7.0 cm\(^-1\). \(\mu_s'\) is shown by a solid red line, declining from 23 to about 18 cm\(^-1\). Error bars indicate variability.]FIGURE 5 | Mean values for μa and μs’vs. shear rate. Modified from Roggan et al. (1999) CC BY 4.0. Lines are used just as a visual guide.The optical impact of deformation is most likely relatively minimal. For example, Roggan et al. (1999) found that the deformation of erythrocytes had no significant impact on the optical properties when volume and hemoglobin content were kept constant.
However, flow-induced orientation (alignment) changes of RBCs may substantially influence optical properties through the sieve effect. In Figure 4, the absorption depends significantly on the orientation of RBCs (randomly oriented vs. flow-oriented). This effect is most likely noticeable only in solutions with low hematocrits (less than 10%) and thin thicknesses (less than 1 mm).
2.2.4.4 Osmolarity
A fluid’s osmotic concentration or osmolality measures the total number of solute particles (measured in osmoles or Osm) per kilogram of solvent. Osmolarity is a very similar concept, which measures the total number of solute particles (measured in osmoles or Osm) per liter of solvent. Blood osmolality or osmolarity characterizes the body’s electrolyte–water balance. The normal osmolality range is between 285 and 295 mOsm/kg for adults and 275 and 290 mOsm/kg for children (Swiner, 2022). Blood osmolarity is primarily regulated by vasopressin, also known as antidiuretic hormone (ADH), which controls the body’s water balance.
Changes in the plasma osmolarity lead to significant changes in the shape of the erythrocytes. In hyper-osmotic plasma, red blood cells shrink, often taking on a crenated appearance. In hypo-osmotic plasma, red blood cells swell and may become spherical.
The shape of the RBCs affects the optical properties of blood. As mentioned, Roggan et al. (1999) found that increasing osmolarity leads to increased absorption while scattering and anisotropy decrease. Specifically, the absorption coefficient μa increases with osmolarity, i.e., with cell shrinkage. At 225 mOsm/L, μa amounted to60% of the value measured under isotonic conditions (300 mOsm/L), while μa was 150% of the isotonic value at 450 mOsm/L (Roggan et al., 1999).
2.2.4.5 Absorption heterogeneity
The blood distribution in tissues is highly heterogeneous. In healthy tissues, hemoglobin molecules are confined in the red blood cells, and RBCs are confined within blood vessels. When hemoglobin strongly absorbs light, the light intensity in the center of the RBC or vessel will be less than at its periphery. As inner layers contribute less to absorption, it results in smaller apparent (or measured) absorption than theoretical absorption.
This mechanism is occasionally called self-shielding (see, for example, Moço et al., 2018), and it causes spectral flattening. The self-shielding mechanism is similar for RBCs and blood vessels. However, they have different geometries: spherical or ellipsoidal in the case of RBCs and cylindrical in the case of blood vessels.
.2.2.4.5.1 Red blood cells
Duyens (1956) examined the absorption differences between particles in suspension and solution, identifying this as a factor causing the absorption spectrum of a particle suspension to appear flattened compared to that of a solution. Building on Duyens’ approach, Bosschaart et al. (2014) derived an absorption correction for blood (Equation 6).
μa,bl=1−exp⁡−μa,RBCdRBCμa,RBCdRBCμa,Hb(6)
where μa,bl, and μa,Hb are the absorption coefficient of a blood sample and hemoglobin solution, respectively. Here, dRBC and μa,RBC are the diameter of RBC and the absorption coefficient inside the red blood cell.
.2.2.4.5.2 Blood vessel diameter
Due to strong light absorption by blood, the fluence rate near the center of the larger vessel can be much lower than at the periphery. Thus, red blood cells near the center of a vessel absorb less light than those at the periphery. However, unlike RBCs, which have similar volumes, blood vessels have different diameters, which may affect light propagation. Thus, in the case of blood vessels, the correction factor depends on its diameter instead of a generic correction factor.
Verkruysse et al. (1997) investigated the effect of inhomogeneous blood distribution in tissues by calculating a single blood vessel’s cross-sectional average fluence rate. They numerically estimated a scaling factor and found that diffuse and collimated light depends on the product of the blood vessel radius R and blood absorption coefficient, µa,bl. They observed that the use of a homogeneous distribution of blood to represent the influence of blood vessels on light distributions in skin tissue overestimates the influence of absorption of light by the blood when the absorption length (1/µa,bl) is equal to or less than the vessel radius R.
The scaling factor f connects the actual blood volume (Cbl) with the apparent blood volume (Cbl,app) (Equation 7):
Cbl,app=fμa,blRCbl(7)
Several approaches have been proposed to approximate the scaling factor. For example, Moço et al. (2018) used the following scaling function for collimated light (Equation 8).
fμa,blR=11+1.007μa,blR1.228(8)
3 REFRACTIVE INDEX OF BLOOD AND ITS COMPONENTS
Building on the analysis of absorption, Section 3 turns to the refractive index—another fundamental optical property that governs light propagation in biological media. Understanding the refractive indices of blood and its components is essential for interpreting scattering behavior and for applying dispersion relations such as the Kramers–Kronig formalism.
3.1 Refractive indices of solutions
Blood represents a complex mixture of components dominated by water. If we know the refractive index of these components, several analytical approaches can be used to calculate the refractive index of the media.
In particular, the law of Gladstone and Dale states that the resulting value of the refractive index n of a mixed substance represents the average of the refractive indices of the components related to their volume fraction (Equation 9).
n=∑i=1Nnifi(9)
where ni and fi are the refractive index and volume fraction of the individual components, respectively, and N is the number of components (Khlebtsov et al., 2002).
Modeling the behavior of the refractive index of tissues, blood, and their components, can be based on a remarkable property of proteins: equal concentrations of aqueous solutions of different proteins all have approximately the same refractive index, npw (Barer et al., 1953). Moreover, the refractive index varies almost linearly with concentration, cp (Equation 10):
npwλ=nw λ+αpλ cp(10)
where nw is the refractive index of water and αp is the specific refractive increment, cp is measured in grams per 100 mL (g/dL). For example, the refractive index of human erythrocyte cytoplasm, defined by the cell-bounded hemoglobin solution, can be found from this equation at αp = 0.001942 valid for a wavelength of 589 nm; i.e., for normal hemoglobin concentration in the cytoplasm of 300–360 g/L, the RBC refractive index nRBC = 1.393–1.406 (Roggan et al., 1999). Values of specific refractive increment αp for total serum (human) and total albumin measured by Abbe refractometer at a wavelength of 589 nm were found to be 0.00179 and 0.00181, respectively (Barer et al., 1953).
It should be noted that the optical properties of blood and its components are typically measured at several wavelengths. Only a few investigators have published the refractive index across a whole spectral region. For example, using an internal reflection technique, Liu et al. (2019) measured the refractive indexes of whole blood and its components, such as serum, plasma, and hemoglobin, in the 400–750 nm spectral range with a spectral resolution of about 0.263 nm.
Below, we will summarize experimental results for various blood components.
3.2 Blood and component refractive indices
3.2.1 Water
The refractive indices of water, nw, over a broad wavelength range from 200 nm to 200 mm have been reported by Hale and Querry (1973) and in UV-vis-NIR ranges can be approximated by the following expression (Equation 11) (Bashkatov and Genina, 2003):
nw=1.31848+6.662/λ−129.2(11)
here, the wavelength λ is measured in [nm]. As the refractive index of the water depends on the wavelength, the blood’s RI depends on the wavelength, too. Thus, blood can be considered as a dispersive medium.1
Dispersion curves of the blood and its components are typically characterized by several standard fitting functions (e.g., the Cauchy equation for plasma).
3.2.2 Serum and plasma
The refractive indexes of serum and plasma in the visible range of the spectrum decrease while the wavelength increases. The most common approach to characterize the dispersion of serum and plasma is to use the so-called Cauchy equation (Equation 12):
nr=A+Bλ2+Cλ4(12)
here, the empirical coefficients A, B, and C are calculated by a fitting program, and λ is the wavelength [nm]. Estimations for empirical coefficients of the Cauchy equation reported by several groups are presented in Table 1.
TABLE 1 | Estimations for empirical coefficients of the Cauchy equation.	Sample	A	B	C	Method, range, source
	Serum	1.3350	4.6513E3	−1.3069E8	Continuous CRID, 400–700 nm, (Deng et al., 2016)
	Plasma	1.3353	4.4048E3	−9.1925E7	Continuous CRID, 400–700 nm, (Deng et al., 2016)
	Human whole blood	1.3587	1.4744E3	−1.7103E9	488, 632.8, 1,079.5 and 1,341.4 nm, (Cheng et al., 2002)
	Human whole plasma	1.3194	1.4578E4	−1.7383E9	488, 632.8, 1,079.5 and 1,341.4 nm, (Cheng et al., 2002)


CRID, complex refractive index dispersion.
Meinke et al. (2007), using an Abbe refractometer, found that the refractive index of plasma is 1.3577 at 400 nm, 1.3506 at 500 nm, 1.3473 at 600 nm, and 1.3438 at 700 nm.
Jin et al. (2006) measured the refractive indexes of serum and plasma and reported only a marginal difference between them.
Tuchin et al. (2004) obtained another approximation for the refractive index of blood plasma, nbp, in the 400–1,000 nm spectral range, which includes an extra term (Equation 13).
nbp=1.3254+8.4052×103λ−2−3.9572×108λ−4−2.3617×1013λ−6(13)
Another approximation, which is commonly used in blood optics, is the so-called Sellmeier formula (Equation 14), where A1 and A2 are coefficients based on material dispersion and B1 and B2 are coefficients representative of resonance wavelengths.
n2λ=1+A1λ2λ2−B1+A2λ2λ2−B2(14)
For example, Liu et al. (2019) used it to approximate the dispersion of the whole blood.
3.2.3 Hemoglobin
Faber et al. (2004) determined the complex refractive index of oxygenated and deoxygenated hemoglobin in the wavelength range 250–1,000 nm using a Kramers–Kronig analysis from tabulated data (Prahl, 2018). The calculated values were calibrated with the optical path at 800 nm explicitly measured using optical coherence tomography. They found that the refractive index depends on oxygenation.
The hemoglobin solution demonstrates anomalous dispersion, which occurs at 420 nm (the Soret band), and slight anomalies in the range of 500–600 nm (Q bands) (see Figure 6).
[image: Graph of refractive index increment against vacuum wavelength (in nanometers) with multiple colored lines representing different references. Notable trends include peaks and declines, with error bars indicating data variation. Legend distinguishes the referenced studies.]FIGURE 6 | Real RI increment of oxygenated human RBCs. The blue line is the arithmetic mean of the individual curves in Figure 8. Various literature values for the RI increment of oxygenated Hb solutions and RBCs are compared. Samples for these measurements were: (i) Hb solutions from powder (Park et al., 2009; Zhernovaya et al., 2011; Wang et al., 2015) (ii) Hb solutions from freshly hemolysed RBCs (Friebel and Meinke, 2006; Lazareva and Tuchin, 2018), and (iii) single native RBCs (Ojaghi et al., 2018). The Kramers–Kronig computation (Gienger et al., 2016) matched to (Friebel and Meinke, 2006) shows the RI dispersion expected from the accurately known extinction spectrum γ(λ). Modified from Gienger et al. (2019) CC BY 4.0.Friebel and Meinke (2006) used Fresnel reflectance to measure the real part of the complex refractive index of oxygenated native hemoglobin solutions in the wavelength range 250–1,100 nm. They measured several concentrations, including 0, 4.6, 10.4, 16.5, and 28.7 g/dL. As a result, instead of Barer’s formula (Equation 10), they proposed a modified model function (Equation 15):
nHbλ=nw λ1+βHbλcHb(15)
They found that in the wavelength ranges 310–355 nm and 500–1,100 nm (normal dispersion), a mean specific refractive increment β = (0.00199 ± 0.000036) dL/g can be used without increasing the error significantly. They also found that the specific refractive increment of their model function gives a 44% higher value at 589 nm compared to Barer’s formula (Equation 10).
Park et al. (2009) measured the dispersion of Hb solutions prepared from Hb protein powder at 440, 546, 560, 580, 600, 655, and 700 nm using spectroscopic phase microscopy.
Zhernovaya et al. (2011) measured the refractive index of human deoxygenated and oxygenated hemoglobin for nine wavelengths between 400 and 700 nm for various hemoglobin concentrations (up to 140 g/L). They found that the refractive indices are well described by linear dependence on concentration (see Equation 10). They also found specific refraction increments for each wavelength (see Table 2). They also used a modified Barer’s equation (Equation 10), where instead of the refractive index of water they used empirically found the effective refractive indices at zero concentration, n0 (see Table 2).
TABLE 2 | The effective refractive indices at zero concentration and the specific refraction increments for the deoxygenated (Hb) and oxygenated hemoglobin (HbO2). Reproduced from Zhernovaya et al. (2011) with permissions.	Wavelength	n0	α, Hb (mL g−1)	α, HbO2 (mL g−1)
	401.5 nm	1.345	0.146	0.170
	435.8 nm	1.343	0.177	0.163
	486.1 nm	1.340	0.154	0.150
	546.1 nm	1.337	0.148	0.150
	587.6 nm	1.336	0.147	0.147
	589.3 nm	1.336	0.147	0.148
	632.8 nm	1.334	0.144	0.144
	656.3 nm	1.334	0.146	0.145
	706.6 nm	1.330	0.140	0.143


Sydoruk et al. (2012) demonstrated that in the calculation of the refractive index of hemoglobin solution using Kramers–Kronig (KK) transformation, the dispersion of the refractive index of the non-absorbing solvent (water) needs to be taken into account in addition to the absorption of hemoglobin (imaginary part). In particular, they obtained a practical equation for the calculation of the refractive index of hemoglobin solutions (Equation 16):
nω=nwω+nω0−nwω0+12πω2−ω02PV∫0∞ω′κHbω′ω2−ω′2ω02−ω′2dω′(16)
here, ΚHb is the imaginary part of the hemoglobin refractive index, and PV represents the integral’s Principal value.
By accounting for water refractive index (RI) dispersion, Sydoruk et al. (2012) obtained good agreement with the experimental results of Friebel and Meinke (2006) in the range 250–1,000 nm and Zhernovaya et al. (2011) in the range 440–700 nm.
Figure 7 demonstrates the importance of explicitly including the refractive index of water. Calculations by Faber et al. (2004) (bottom curve) do not agree with experimental data by Friebel and Meinke (2006) (dotted curve). However, the explicit inclusion of the refractive index of water (Equation 16) provides a much better fit for experimental data.
[image: Graph showing absorbance spectra as a function of wavelength in nanometers. Two plots are included: a green dashed line labeled "With Water" showing higher absorbance, and a solid blue line labeled "Without Water" showing lower absorbance. Two references are indicated: "Friebel & Meinke, 2006" for the green line and "Faber et al., 2004" for the blue line. Both lines decrease as the wavelength increases from 300 to 1000 nanometers.]FIGURE 7 | The real part of the complex refractive index of HbO2 was obtained from a subtractive KK analysis with (upper solid curve) and without (lower solid curve) inclusion of water RI dispersion. Modified from Sydoruk et al. (2012) with permissions.Wang et al. (2015) measured the complex refractive index dispersion (CRID) of oxygenated and deoxygenated hemoglobin solutions in the continuous wavelength range of 400–750 nm with spectral resolution of about 0.259 nm. They also compared results obtained using KK transformation and found a good match. For example, the Soret band appeared almost at the same location for the two methods, and the CRID results show a fair agreement, with a shift of no more than 0.002.
Lazareva and Tuchin (2018), using a multiwavelength Abbe refractometer, measured the refractive index of hemoglobin solutions in the visible/near-infrared (NIR) spectral range at room temperature for characteristic laser wavelengths: 480, 486, 546, 589, 644, 656, 680, 930, 1,100, 1,300, and 1,550 nm. The Sellmeier formula (see Equation 14) was used to approximate RI dispersion. They found the RI-specific increment of hemoglobin as 0.192 ± 0.005 mL/g for the wavelength 589 nm and temperature at 23°C, which is quite close to Barer’s result (Barer et al., 1953). They also summarized RI measurements from the literature.
Using an internal reflection technique, Jin et al. (2006) measured the refractive indexes of hemoglobin and other blood components in the spectral range of 400–750 nm. However, the hemoglobin they used was not controlled for oxygenation.
3.2.4 RBC
A human RBC is a unique anucleate cell that can be considered a concentrated hemoglobin solution encapsulated by the lipid membrane. As such, the refractive index of RBC may have different values when measured by different methods.
In light scattering measurements, the primary scattering mode is caused by the refractive index mismatch on the membrane/plasma layer. Thus, this method will provide a surface refractive index. However, quantitative phase imaging (e.g., tomographic phase microscopy) will sample the refractive index of the whole RBC. Thus, it can be considered as a bulk refractive index.
The hemoglobin concentration inside erythrocytes is 250–350 g L−1 (Meinke et al., 2011). Preparation of such high Hb concentrations is challenging, with problems arising from the strong absorbance in this spectral range and from sample preparation at physiological concentrations exceeding CHb = 300 gL−1 due to high viscosity or incomplete dissolution of Hb (Barer and Joseph, 1954). However, there are good reasons to expect that the linear relationship with concentration (Equation 10) holds true for these concentrations as well. In particular, Zhernovaya et al. (2011) experimentally observed a linear dependence for solutions of methemoglobin in water with hemoglobin concentrations up to 280 g L−1. Thus, they estimated refractive indices at 320 g L−1to be 1.383 for both forms of hemoglobin at 589 nm.
Ojaghi et al. (2018) determined the optical properties of RBCs (including RI) in the 240–450 nm range using Ultraviolet Hyperspectral Interferometric Microscopy. They found excellent agreement between the data measured from an intact RBC and the expected results on hemoglobin solution at 336 g/L.
Gienger et al. (2019) determined the refractive index of human red blood cells between 290 nm and 1,100 nm by optical extinction measurements in six volunteers. They found the RI increment used Barer’s formula (See Figure 8). They also found that while there is significant interpatient variability, all six curves lie around α ≈ 0.22 mLg−1, with differences of about 0.015 mLg−1 being present between the highest curve (A) and the lowest (D) for most wavelengths, however reaching 0.036 mLg−1 at the Soret band around 420 nm.
[image: Spectral density plot showing absorption coefficient \(\alpha(\lambda)/(L \, \text{g}^{-1})\) versus vacuum wavelength (\(\lambda\) in nanometers) from 300 to 1100 nm. Six colored lines (A: red, B: purple, C: green, D: blue, E: dark red, F: orange) depict different data sets. The plot features a prominent peak around 400 nm and varying intensities across wavelengths.]FIGURE 8 | Real RI increment of oxygenated human RBCs. Shaded bands indicate ±1 estimated uncertainties, accounting for noise in the analyzed spectra and uncertainties of CBC parameters. Curves A-F stand for different volunteers. Reproduced from Gienger et al. (2019) CC BY 4.0.3.2.4.1 Birefringence
Normal RBCs are typically considered not birefringent (Ascenzi and Silvestroni, 1953). However, Nagesh et al. (2014) found that when trapped with a linearly polarized laser, a normal human RBC reorients about the electric polarization direction and remains rotationally bound to this direction. This behavior is expected for a birefringent object. The birefringence is confined to the cell’s dimple region, and the slow axis is along a diameter (Nagesh et al., 2014). The study reported an average retardation of 3.5 ± 1.5 nm for linearly polarized green light (λ = 546 nm) using a polarizing microscope. Also, the study estimated a retardation of 1.87 ± 0.09 nm from the optomechanical response of the RBC in an optical trap (Nagesh et al., 2014). The authors attributed birefringence to the lipid bilayer’s phospholipid molecules and the membrane curvature variation.
3.2.5 Other blood cells
3.2.5.1 White blood cells
White blood cells are the immune response component of blood and contain many cell types, including neutrophils, lymphocytes and monocytes, eosinophils, and basophils. Lymphocytes and monocytes are the simplest from a structural perspective, having an approximately spherical shape and containing only one nucleus (Zharinov et al., 2006). Zharinov et al. (2006) validated a five-layered spherical model using light scattering data to simulate the optical properties of lymphocytes and monocytes and found refractive indices of 1.345 ± 0.006 and 1.344 ± 0.010. These results are similar to those found by Metcalf et al. (1978) using the index matching method, which yielded a lymphocyte refraction index of 1.3572 ± 0.0002.
3.2.5.2 Platelets
Platelets have a thrombotic function in blood, aggregating in response to injury. Kolesnikova et al. (2006) studied the refractive index of platelets using a theoretical methodology validated with experimental data based on a light scattering approach. They found a refractive index ranging from 1.36–1.44, similar to that used in clinical optical platelet counters (Marionneaux et al., 2013).
3.2.6 Whole blood
In the visible range of the spectrum (400–750 nm), Liu et al. (2019) measured the refractive index of whole blood and its component based on internal reflection and used the Sellmeier formula (see Equation 14) to approximate the dispersion of the whole blood. They obtained 0.7960, 5.1819, 1.0772 × 104, and −7.8301 × 105 for A1, A2, B1, and B2, respectively.
The optical properties of the whole blood in the 250–2,500 nm range were reviewed by Bosschaart et al. (2014). Using the subtractive KK transformation, they also calculated the optical properties of the real part of the whole blood including the refractive index from absorption measurements.
Rowe et al. (2017) analyzed the complex refractive index of the blood in the mid-IR range. They found that it closely resembles the refractive index of water. In Figure 9, one can see the deviations of the RI of whole blood from the refractive index of water.
[image: Graph showing the differential index of whole blood versus wavelength. Two lines, blue and orange, represent different variables: Δn and Δk, respectively. Peaks and fluctuations appear around specific wavelengths, with noticeable changes occurring between two and fourteen micrometers. Wavenumbers are listed in inverse centimeters at the top.]FIGURE 9 | Change in the real and imaginary parts of refractive index for whole blood with respect to water in the mid-IR range. Reproduced from Marionneaux et al. (2013) CC BY 4.0.The complex refractive index of the blood in the mid-IR range can be found in Rowe’s (2017) dataset (Rowe, 2017).
4 LIGHT SCATTERING BY BLOOD AND BLOOD COMPONENTS
The light scattering arises from a mismatch of refractive indices. Thus, the light scattering in blood arises primarily from a mismatch of refractive indices between the plasma and cells. As red blood cells are the most abundant cells in the blood, the scattering in blood primarily originates from them.
There are several approaches for light scattering measurements. Broadly, they can be categorized into static and dynamic light scattering.
Static light scattering (SLS) measures the time-averaged intensity of the scattered light. Thus, static light scattering provides information about particle/molecular size.
Dynamic light scattering (DLS) measures the time-dependent fluctuations in the scattered light intensity. DLS allows the determination of the translational diffusion coefficients (i.e., Brownian motion) and particle/molecular size. Thus, dynamic light scattering provides information about the cell dynamics and membrane properties.
Scattering is characterized by scattering cross-section and scattering distribution or scattering function. As the cross-section (or the scattering coefficient) will be the primary topic of this Section, below, we briefly discuss the scattering function pertinent to scattering on blood.
The scattering function of an individual scatterer like RBC can be found using Mie theory. However, as in the whole blood, the concentration of cellular components (RBCs, primarily) is very high, and the multiple scattering effects must be considered. Thus, instead of scattering phase functions of individual scatterers, statistical approaches are more relevant, and the scattering phase functions of the ensemble of the particles can be used.
In biooptics, the most used scattering phase function for tissue is the Henyey-Greenstein function (HG), first proposed by Jacques et al. (1987) (Equation 17):
pϑ=14π1−g21+g2−2g cos⁡ϑ3/2(17)
where g is the scattering anisotropy parameter defined as the average cosine of the scattering phase function g = <cosθ>. When g = 0 scattering is isotropic, g = 1 implies total forward scattering, and g = –1 is for total backward scattering.
In diffuse approximation, light propagation in a medium is described by the absorption coefficient and the reduced scattering coefficient, which is defined as μs’ = μs (1−g), where μs is the scattering coefficient, and g is the anisotropy factor.
Whole blood is characterized by a very high anisotropy factor (close to 1), which implies strong forward scattering.
4.1 Plasma
The scattering properties of pure plasma are expected to be described by Rayleigh scattering of protein molecules, resulting in a scattering cross-section that decreases with increasing wavelength (∼λ−4) and isotropic scattering. However, Meinke et al. (2007) found that the scattering anisotropy factor g for the plasma is about 0.2, indicating a slightly forward scattering and a scattering coefficient that was much higher than expected by Rayleigh scattering only, based on calculations for a 10% albumin solution. Based on Mie’s theory, they estimated that particles with a size of approximately 100 nm and a total concentration of 10% must be present to explain the deviation from Rayleigh scattering. They attributed these particles to protein aggregates and lipids or cell components, which the centrifugation procedure could not remove.
4.2 RBC
Human RBCs are anucleate cells containing a dense hemoglobin solution, which is believed to be the primary component for the scattering and absorption of the UV, blue, and green spectral ranges of light (Lazareva and Tuchin, 2018).
A typical RBC shape is biconcave. However, depending on ambient factors (for example, moving in blood vessels), the RBC shape can deviate from the biconcave. In addition, red blood cells can undergo shape change from the “normal” discocyte to either echinocytes or stomatocytes, depending on a large variety of membrane and cytoplasmic parameters (see, for example, Mauer et al. (2017)). In particular, RBC shapes can be characterized by their asphericity α, which describes the deviation from a spherical shape. Asphericity ranges from 0.1 for a stomatocyte (or a cup-like shape) to 0.15 for a biconcave (or discocyte) shape.
4.2.1 Shear rate
In flow, some rheological transformations of blood components may occur. In particular, changes may depend on the shear rate, defined as the slope of the velocity profile. This rate is high when the flow velocity is high and the vessel diameter is small; conversely, the shear rate is low when the flow velocity is low and the vessel diameter is large. For example, reversible aggregation may occur at lower shear rates, while erythrocytes are deformed into ellipsoids under higher shear rates. The shear rate also impacts the alignment of RBCs.
The shear rate in blood vessels can vary depending on the location, vessel size, and blood flow rate. For example, the wall shear rates in large veins can be as low as 10 s−1, while in arteries, it can be as high as 1,000 s−1, and in pathology, it can be above 5,000 s−1 (Casa et al., 2015).
4.2.2 Deformability
Red blood cells (RBCs) deform (e.g., elongate) as they traverse capillaries that are sometimes smaller in diameter than the RBC itself. RBC deformation is thought to be an important stimulus for ATP export from RBCs and allows them to dilate arterioles and readily traverse capillaries (McMahon, 2019). The RBC deformability can be measured by several methods, including micropipette, filterability, ektacytometry, and using optical tweezers (Musielak, 2009). For example, in the optical tweezer technique, optical force is applied to opposite ends of a visualized cell, and one of the laser beams is moved inward, deforming the cell. To quantify deformability, the elongation index (EI), which is the ratio of length to width of the RBC, is reported as a function of stress.
Changes in deformability can be associated with certain diseases. For example, Agrawal et al. (2016) used optical tweezers to study the deformability of RBCs from type 2 diabetes mellitus (T2DM) patients with or without diabetic retinopathy compared to matched healthy controls. They found that deformability was modestly but significantly lower in both groups of T2DM patients than in the healthy controls.
4.2.3 Osmolarity
The composition of the surrounding medium of the cells can disturb the iso-osmotic balance of 300 mOsm/L. In a medium of low osmolarity (<300 mOsm/L), the cells start to swell by diffusion of water into the cell, leading to spherically formed cells, which become full to the point of bursting. In a hyperosmolar medium (>300 mOsm/L), cells shrink due to water outflow, resulting in characteristically shaped cells called spinocytes. These variations in osmolarity change not only the shape and volume of the cells but also the inner cell Hb concentration. As a result, the complex refractive index inside the cell increases due to increased Hb concentration.
Roggan et al. (1999) found that increasing osmolarity increases absorption while scattering and anisotropy decrease.
Mauer et al. (2017) used the Rayleigh–Gans-Debye approximation to calculate static and dynamic light scattering for a single red blood cell (RBC). Their results showed that the static scattering function averaged over many possible orientations of a diffusing RBC is not highly sensitive to changes in RBC membrane properties, such as shear elasticity and bending rigidity, or to moderate variations in RBC shapes (e.g., biconcave vs. stomatocyte). Based on this, they concluded that orientationally-averaged static light scattering (SLS) measurements are unlikely to be practical for detecting changes in RBC shape. However, they found that dynamic light scattering (DLS), which analyzes the temporal correlations of instantaneous scattering amplitudes, can effectively reveal the diffusive behavior of an RBC and its membrane properties.
4.2.4 Static light scattering
Mauer et al. (2017), using a triangulated discocyte model of the RBC, calculated the static light scattering on RBC using two mesoscopic hydrodynamics approaches, multi-particle collision dynamics (MPCD) (Gompper et al., 2009) and dissipative particle dynamics (DPD) (Espanol and Warren, 1995).
The calculated scattering intensities of the RBC for different orientations are depicted in Figure 10. One can see that the scattering intensities of RBC for small wave vectors q = 2π/λ are like those of short cylinders. They start to diverge only for larger wave vectors q. Thus, the first and second minima for RBC-shape intensity can be matched with the theory to produce estimates of the height h and radius R of the discocyte.
[image: Two graphs labeled (a) and (b) compare light scattering intensity, \(I(q,0)/V^2\), across wave vectors \(qh_0\) and \(qR_0\), respectively. Both feature blue, red, and brown curves. The blue line, labeled RBC, is compared against red dashed lines for cylinders with varying heights and radii. Both graphs display logarithmic scales on the y-axis and linear scales on the x-axis.]FIGURE 10 | Static scattering by an RBC with a fixed orientation. The scattering intensity of a rigid discocyte for wave vectors q (a) parallel and (b) perpendicular to the RBC axis of rotational symmetry. h0 = 2a. Analytical solutions for cylinders with different radii R0 and heights h0 are also plotted for comparison. Reproduced from Mauer et al. (2017) CC BY 4.0.In Figure 11, one can see the static scatting intensity averaged over multiple directions.
[image: Graph of \(I(q,0)/V^2\) versus \(qR_0\) with data curves for \(N_m = 500\) (red) and \(N_m = 1000\) (green). A shoulder at \(qR_0=3.83\) indicates cell radius, and a minimum at \(qh_0=2\pi\) indicates cell height. Vertical axis ranges from \(10^{-6}\) to \(10^{0}\), and horizontal axis ranges from 0 to 40.]FIGURE 11 | Orientationally-averaged static scattering functions of RBCs using the DPD method can be used to find cell height and radius. Simulation results converge, as shown by simulations with different numbers of triangles that approximate the shape (Nm = 500 and 1,000). V is the cell volume. Reproduced from Mauer et al. (2017) CC BY 4.0.The orientationally-averaged scattering intensity is obviously different from the case of a fixed orientation; however, characteristic features are still visible. Firstly, a shoulder in the scattering intensity at qR0 = 3.83 is clearly visible in all cases, corresponding to the RBC radius. Secondly, the scattering curves have a local minimum at qh0 = 2π related to the thickness of RBCs. Thus, RBCs’ two main geometrical characteristics remain visible in the orientationally-averaged scattering intensities.
However, Mauer et al. (2017) found that differences in the static scattering function for biconcave and stomatocytic RBC shapes are not very pronounced. Therefore, the orientationally-averaged SLS function is not expected to be sensitive to changes in membrane properties and moderate alterations in cell shapes.
4.2.5 Dynamic light scattering
Mauer et al. (2017) used computer simulations of dynamic light scattering to calculate the translational diffusion of normal and deformed RBCs.
Park et al. (2011) used Fourier Transform Light Scattering (FTLS) to study the static and dynamic light scattering on red blood cells during the metabolic remodeling of the membrane. Using dynamic scattering, they found that the alterations in mechanical properties of the RBC membranes are ATP-dependent.
4.2.6 Multiple-scattering effects
In whole blood, the concentration of RBCs may be as high as 55%, and multiple-scattering effects must be considered.
For large ensembles of erythrocytes (like whole blood), approaches to account for the contribution of multiple scattering effects are required. They will be discussed in Section 4.4. However, some simple conclusions can be derived for the smaller groups of RBCs (e.g., hundreds or thousands of RBCs). For example, due to the strong forward-scattering nature of scattering on cellular blood components, one could expect that the contribution of multiple-scattering effects will be relatively small. This notion was confirmed indirectly by He et al. (2004), who investigated the interaction of light with multiple red blood cells using the finitedifference time-domain (FDTD) method (Drezek et al.,1999), the superposition approximation, the Rytov approximation (Kak and Slaney, 2001), and the discrete dipole approximation (DDA) (Draine and Flatau, 1994). Their simulations showed that the lateral multiple scattering between red blood cells is very weak and that the polarization has an almost insignificant influence on the distribution of the scattered light.
4.3 Other blood cells
4.3.1 White blood cells
Leukocytes contain nuclei (often multi-lobe); thus, light experiences additional scattering at the cytoplasm/nucleus interface.
Meinke et al. (2007) found that the presence of physiological concentrations of leukocytes has no measurable influence on the optical properties of plasma and, therefore, on the optical parameters of whole blood.
The primary interest in scattering properties of leukocytes lies in discrimination between different types of leukocytes and their counting in flow cytometry. Regular flow cytometry allows measuring the forward and side scattering from single cells, which can be used to discriminate lymphocytes, monocytes, and granulocytes (Terstappen et al., 1988). Terstappen et al. (1986) reported the correlation between the fraction of cells with significant side scattering and the fraction of cytotoxic lymphocytes, which can be potentially used to determine the latter fraction from light scattering only.
Angle-resolved light-scattering measurements of single mononuclear cells using optical traps were performed for human lymphocytes by Doornbos et al. (1996) and human monocytes by Watson et al. (2004). Zharinov et al. (2006) studied the light scattering profile (LSP) of individual WBC using proprietary-developed scanning flow cytometry (SFC). The same group (Matlsev et al. (2011)) proposed to use absolute values of the integrated whole light-scattering trace instead of side scattering for cell discrimination (see Figure 12). Even though monocytes and lymphocytes can be discriminated this way, it was impossible to determine whether a lymphocyte is T- or B-, using only its morphological characteristics determined from LSP.
[image: Scatter plot showing forward scatter versus integral of light scattering trace in arbitrary units. It identifies three clusters: lymphocytes, monocytes, and granulocytes, each marked by ellipses and labeled.]FIGURE 12 | Light scattering cytogram of leukocytes. Reproduced from Maltsev et al. (2011) John Wiley & Sons.In flow cytometers, granulocytes can be discriminated from other leukocytes by their higher forward and side scattering, except the basophils found in the light-scattering region of lymphocytes (Terstappen et al.,1991). However, using only LSP, granulocytes cannot be discriminated into sub-types (Matlsev et al., 2011).
Dannhauser et al. (2017) used an LSP to discriminate T-, B-lymphocytes, and monocytes using LSP analysis of individual mononuclear bloodstream cells in-flow. A distinctive optical signature for each viscoelastically aligned cell was obtained.
4.3.2 Platelets
Platelet analysis is an important part of routine clinical analysis (hematology). Platelet tests primarily measure the number of platelets (thrombocytes) in the blood, also known as the platelet count (PLT). This count is a crucial indicator of the blood’s ability to clot. In addition to platelet count modern hematology analyzers determine several other parameters (mean platelet volume (MPV), platelet distribution width (PDW), plateletcrit (PCT), and the immature platelet fraction (IPF).). Platelet shape and dose-dependent activation parameters are important factors, however they are outside the scope of commercial instruments. Ozaki et al. (1994) developed the detection of platelet aggregation using light scattering. Litvinenko et al. (2021) used a scanning flow cytometer for the measurement of angle-resolved light scattering and the discrete dipole approximation for the simulation of light scattering from a platelet optical model (an oblate spheroid) to retrieve dose-dependent activation parameters.
4.4 Scattering by whole blood
As the whole blood is a densely packed mixture of scatterers (RBCs), multiple scattering events have to be considered. This situation is often referred to as dependent scattering, which occurs when particles (RBCs in this case) are closely spaced or a correlation exists between their positions. The phase relation between the fields scattered from different particles cannot be ignored for dependent scattering. Therefore, the scattering fields should be added instead of the scattering intensities.
4.4.1 Scaling on hematocrit
Let’s assume that the space with the total volume VT contains N identical particles with a scattering cross section σs. Then, ignoring the interaction between particles, the scattering coefficient of this ensemble can be found as (Equation 18):
μs,ind=NVTσs=hctVPσs(18)
where hct is the hematocrit [%] or the volume percentage of red blood cells in the blood and VP is the volume of a RBC (typically assumed to be 90 μm3 (Steinke and Shepard, 1988)). Since this formulation assumes no interaction between particles, it is most relevant in low hematocrit conditions.
However, since the hematocrit (volume fraction) of blood is, on average, 40% for adult women and 45% for adult men, the interaction between scattering fields of individual particles cannot be ignored. The scattering coefficient for the dependent scattering, now given interaction between particles, can be expressed (see, for example, Bosschaart et al., 2014) through the scattering coefficient for the independent scattering (Equation 19).
μs,d=γhctμs,ind(19)
where γ(hct) is a hematocrit-dependent scaling factor between the scattering cross-section for dependent and independent scattering. The scaling factor γ can be found as (Equation 20) (Bosschaart et al., 2014):
γhct=2π∫0πSθ,hctpsθsin⁡θdθ(20)
where ps(θ) is the scattering phase function of the individual scatterer and S(θ, hct) is the structural factor, which can be found as (Equation 21) (Hespel et al., 2001):
Sθ,hct=1+2πhctVp∫0∞Gr−1r2sinqrqrdr(21)
where q = 4π/λ sin (θ/2) and G(r) is the radial distribution function that characterizes the probability of finding two particles over a distance r.
Thus, the scaling factor γ can be found if we know both the scattering phase function of the individual scatterer and the radial distribution function.
In particular, solutions were derived by Twerky (1970) in the case of isotropic scattering (ps(θ) = 1/4π) for a gas (Equation 22):
γT−ghct=1−hct(22)
And non-deformable spheres (Equation 23):
γT−shct=1−hct41+2hct2(23)
Steinke and Shepard (1988) found that Equations 22, 23, which are based on idealized assumptions such as isotropic scattering and non-interacting spherical particles, have limited accuracy in describing scattering for whole blood. To address this limitation, they proposed the empirical expression (Equation 24) which implicitly reflects the densely packed and anisotropic nature of red blood cells.
γShct=1−hct1.4−hct(24)
More recently, Bosschaart et al. (2014), using the Mie scattering phase function and the Percus–Yevick radial distribution function for non-deformable spheres (Percus and Yevick, 1958), obtained the following approximation (Equation 25):
γBhct=1−hct2(25)
However, it should be noted that Equations 24, 25 provide a very close match and the difference between them is negligible.
Douplik and Loschenov measured the optical properties of the whole blood as a function of hematocrit (Douplik and Loschenov, 1996a). They found a decrease in scattering with the hct increase of over 50% as the blood cells started to contact each other. The erythrocytes begin to adhere and to be deformed by each other. Blood-like media with “islands of erythrocytes and its aggregates within plasma” transform into the media “particles of plasma between erythrocytes.” In the limit hct → 100%, the “plasma particles” disappear, and μs of blood should approach zero (Ishimaru, 2017). The absorption and reduced scattering coefficients as a function of hct are shown in Figure 13. The decrease in scattering is consistent with the scaling model Equation 18 combined with the scaling factor provided by Equation 24 or Equation 25.
[image: Two line graphs depicting μa and μs’ values for different wavelengths (488 nm, 587 nm, 633 nm, 675 nm, 805 nm, 860 nm) as a function of hematocrit percentage from 15 to 70. The left graph shows increasing μa values, with 488 nm and 587 nm having the highest slope. The right graph shows μs’ values peaking around 50% hematocrit, particularly for 675 nm, 805 nm, and 860 nm. Error bars indicate variance.]FIGURE 13 | Whole blood absorption and reduced scattering coefficients as a function of hematocrit. The SO2 was 99% with an optical path of 140 μm (modified from Douplik and Loschenov (1996a)).The optical properties of the whole blood, including scattering, were reviewed by Bosschaart et al. (2014). This review contains tabulated data for the optical properties of whole blood, hct = 45%, in the 250–2,000 nm range, using the scaling factor provided by Equation 25. In addition to optical properties compiled from the literature, they also estimated optical properties based on the Kramers–Kronig relation (see Figure 14) in the 250–2,000 nm range. Figure 14a shows the scattering coefficient of whole blood, Figure 14b presents the scattering anisotropy factor, and Figure 14c displays the reduced scattering coefficient. To summarize their findings, it appears reasonable to approximate μs′ as ∼13 cm−1 across the visible and near-infrared range. This approximation falls within the central range of reported values and reinforces the interpretation that absorption dominates over scattering in the visible spectrum.
[image: Three graphs labeled a, b, and c show scattering properties versus wavelength. Graph a displays scattering coefficients for SO₂ concentrations above ninetyeight percent and zero percent; Graph b shows scattering anisotropy; Graph c illustrates reduced scattering coefficients. All graphs use calculated spectra with Kramers-Kronig/Percus-Yevick theory, and compare with measured refractive index as dotted lines.]FIGURE 14 | Theoretical estimates of the optical properties of whole blood: (a) scattering coefficient, (b) scattering anisotropy factor, and (c) reduced scattering coefficient. Reproduced from Bosschaart et al. (2014) CC BY 4.0.4.4.2 Implications of large scattering anisotropy
As shown in Figure 14b, blood is characterized by a very high scattering anisotropy coefficient. Very high anisotropy implies strongly forward scattering with interesting implications. Despite the presence of strong light scattering, e.g., at 750 nm, μs ∼800 cm−1, the high anisotropy g∼0.983 means that the reduced scattering drops to ∼13 cm−1. Scattering therefore has a minor impact on the light propagation trajectory. Thus, for example, light propagation in a slab can be approximated well by the Beer-Lambert law with absorption only (Equation 26):
Iz=I0e−μaz(26)
here, μa is the absorption coefficient; z is the distance from the slab’s surface. Thus, despite relatively strong scattering, absorption will determine the attenuation. These considerations align with estimations provided by Bosschaart et al. (2014).
Additionally, one can conclude that polarization degradation, which is sensitive to the number of scattering events, is high. Thus, polarization should not play an important role in the whole blood optical measurements, which is in line with simulations by He et al. (2004).
4.4.3 Scattering by blood in vessels
Roggan et al. (1999) investigated the optical properties of circulating human blood at 633 nm using a double integrating sphere technique and Monte Carlo simulations. Regarding scattering, they found that “a) scattering and absorption increased linearly at hct < 50%, b) absorption and scattering decreased slightly with increasing shear rate, c) the deformation of erythrocytes had no significant impact on the optical properties if volume and hemoglobin content were kept constant, d) increasing osmolarity leads to an increase of absorption while both scattering and anisotropy decreased, e) Mie calculations on spherical equivalents provided a precise estimation of the RBC scattering behavior, f) increasing hemolysis led to a reduction in absorption and scattering and g) oxygenation had no impact on scattering properties” (Roggan et al., 1999). Douplik et al. observed a modulation in the absorption and scattering coefficients influenced by the shear rate, which could not be solely attributed to the orientation of erythrocytes within the flow (Douplik et al., 1996). This phenomenon is likely also associated with the deformation of red blood cells.
5 KEY FINDINGS AND THEIR CLINICAL IMPLICATIONS
Having examined absorption, refractive index, and scattering independently, Section 5 synthesizes these findings to highlight overarching patterns and interdependencies. This integrative perspective not only enhances the understanding of blood’s optical behavior, but also informs the development and refinement of clinically relevant optical diagnostic and monitoring techniques.
5.1 Serum and plasma
Serum and plasma have very similar optical properties. Water dominates the optical properties of serum and plasma in the whole visible and NIR ranges of the spectrum. The deviations from water’s absorption and refractive index are quite minimal. The refractive index of serum and plasma is well approximated by a linear dependence on protein concentration (Barer’s equation, Equation 10).
Light scattering in serum and plasma is primarily due to Raleigh scattering on proteins of various sizes. However, Meinke et al. (2007) found that the scattering anisotropy factor g for the plasma is about 0.2, indicating a slightly forward scattering and a scattering coefficient that was much higher than expected by Rayleigh scattering only. Thus, Mie correction may be appropriate.
5.1.1 Biomarkers
Biomarker refers to a broad subcategory of medical signs – that is, objective indications of medical state observed from outside the patient – which can be measured accurately and reproducibly. Blood and its derivatives (plasma and serum) are the primary media for biomarker testing. In the context of the blood, biomarkers refer to proteins, other molecules, or microorganisms (microbial biomarkers) present in blood. In most cases, the concentration of biomarkers is too low to detect via spectroscopic, scattering, or goniometric methods. Thus, other methods (e.g., fluorescence or immunoassays) are typically used. However, several biomarkers with high concentrations can be detected using spectroscopic, scattering, or goniometric methods.
5.1.1.1 Bilirubin
Bilirubin is a red-orange compound produced in the normal catabolic pathway of heme breaking down. It is mainly found in the spleen and liver. Excess bilirubin secretion in the liver can no longer be stored in bile and, therefore, flows into the bloodstream and leaks into the tissue, causing the skin to appear yellow. This chromophore has its central absorption peak around 467 nm. The absorption peak’s location and width depend on the solute in which it was diluted. Approximately 60% of term and 80% of pre-term newborns develop clinical jaundice in the first week after birth (Mitra and Rennie, 2017).
5.1.1.2 β-Carotene
β-Carotene is a precursor of vitamin A in the human diet, which turns into vitamin A in the liver. β-Carotene belongs to the family of carotenoids, which are found in many fruits and vegetables, as well as some animal products such as egg yolks. Vitamin A is essential for the proper production of red blood cells in the bone marrow.
Along with lycopene, β-carotene is among the most frequently consumed dietary carotenoids in human subjects, ranking among the highest in blood/plasma concentrations (Wawrzyniak et al., 2013). Carotenoids are primarily stored in fatty tissue which holds around 80% -85% of the β-carotene available in the organism; the rest stays in the liver (8% -12%) and muscles (2% -3%) (Grune et al., 2010). The normal range of β-carotene in serum is 50 -300 μg/dL or 0.93 -5.59 μmol/L (Salwen, 2017).
The long chain of alternating double bonds (conjugated) is responsible for the orange color of beta-carotene as they absorb in the green/blue part of the spectrum.
5.1.1.3 Glucose
Ali et al. (2017) sought to use red laser light (650 nm) to non-invasively measure blood glucose concentration, which is a key unmet clinical need. As glucose molecules modify the refractive index of blood proportionally to their concentration (Equation 10) and therefore changes in measured refractive index likely correspond to changes in blood glucose–thus, increasing concentration yielding decreasing refractive angle. Given the calculated calibration, the glucose concentration can then be determined. The refractive index device was validated on a cohort of 10 healthy subjects using a standard finger prick glucose instrument as the gold standard, exhibiting a relative error of 3%–8%, with variations due to sources such as shape and thickness of the finger and swelling caused by the laser light.
5.2 RBC
Among blood components, the optical properties of blood (including absorption) are dominated by red blood cells, whose absorption and scattering are two to three orders of magnitude larger than those of the other blood components (Meinke et al., 2007). Hematocrit, hemoglobin concentration, and RBC’s shape are analyzed using optical methods in numerous clinical applications.
5.2.1 Hemoglobins
Hemoglobins are the primary blood chromophores in the 400–1,100 nm range of the spectrum. Their absorption has a distinct dependence on oxygenation, which serves as the basis for numerous medical applications (e.g., pulse oximetry, tissue oximetry, etc.).
Other hemoglobins (e.g., methemoglobin and carboxyhemoglobin) are typically present at significantly lower concentrations. Thus, they do not significantly impact the overall spectrum in normal conditions. However, carboxyhemoglobin (HbCO) due to the similarity of its spectrum to oxyhemoglobin’s (HbO2) may pose a significant problem in pulse oximetry. As clinical pulse oximetry is typically based on two-wavelength measurements, in the presence of HbCO, the pulse oximeter confuses HbCO with oxyhemoglobin, and, thus, may seriously overestimate HbO2. For example, Barker and Tremper (1987) in animal experiments found that pulse oximeters read an oxygen saturation of greater than 90%, while the actual HbO2 was below 30%. Thus, the pulse oximeter, as the sole indicator of blood oxygenation, should be used with caution in patients with recent carbon monoxide exposure. To accurately assess oxygenation in suspected CO poisoning, a CO-oximeter, which can differentiate between different forms of hemoglobin (including HbCO), should be used to measure the actual oxygen saturation (SaO2) and HbCO levels (Hampson, 1998).
Similarly, elevated levels of methemoglobin may also pose a challenge to pulse oximetry. Methemoglobin has high absorbance at both wavelengths used in pulse oximetry, leading to interference that causes an inaccurate SpO2 reading. For example, according to Ludlow et al. (2023), when the level of methemoglobin approaches 30%–35%, the ratio of absorbance becomes 1.0, which reads as a SpO2 of 85% for (A660/A940) (Chan et al., 2013). There is a disproportional, inverse relationship between methemoglobin concentration and SpO2 and SaO2 calculations are falsely normal due to the assumption that all hemoglobin is either oxyhemoglobin or deoxyhemoglobin (Nappe et al., 2015). The difference between the depressed SpO2 measurement and the falsely normal SaO2 calculation is known as the “saturation gap.”
5.3 Other cells
Leucocytes and platelets have a marginal impact on the optical properties of whole blood. However, there are multiple applications, which analyze their shape and quantities, typically in flow cytometry geometry using light scattering techniques.
5.4 Whole blood
The absorption of the whole blood is dominated by the absorption of hemoglobins for wavelengths in the 400–1,100 nm range and water above 1,350 nm. The absorption of whole blood is strongly dependent on its oxygenation. It serves as the basis for numerous blood oxygenation measurement techniques. In addition, other factors like shear rate and osmolarity impact the absorption and scattering through changes in the size and shape of RBCs.
Whole blood represents a solution with densely packed RBCs. This organization has a significant impact on absorption and scattering. The interplay of different factors which affect the optical properties of whole blood is depicted in Figure 15.
[image: Diagram illustrating relationships between physiological parameters affecting light absorption and scattering in cells. Key elements include refractive index, absorption, scattering, oxygenation, hematocrit, cell size and shape, shear force, osmolarity, and organization/geometry. Arrows indicate influence pathways, such as Kramers-Kronig, Mie scattering, and aggregation.]FIGURE 15 | The primary dependencies between factors in whole blood optical measurements.6 NOVEL TECHNOLOGY DEVELOPMENT
Biomedical optics experiences an influx of new technologies, particularly in the imaging space.
Quantitative phase imaging (QPI) has emerged in recent years as a valuable method for investigating cells and tissues. As the images represent quantitative maps of optical path length delays introduced by the specimen, QPI provides an objective measure of morphology and dynamics, free of variability due to contrast agents (Park et al., 2018). Several approaches to QPI have emerged. Diffraction phase microscopy, DPM is a common-path QPI method, capable of accurately monitoring the dynamics of various nanoscale phenomena in a wide variety of environments (Bhaduri et al., 2014), including in situ. The method combines the principles of common path interferometry and single-shot phase imaging and is characterized by subnanometer pathlength stability and millisecond-scale acquisition time (Popescu et al., 2006). Tomographic phase microscopy (TPM) uses digital holographic measurements of complex scattered fields to reconstruct three-dimensional refractive index maps of cells with diffraction-limited resolution by solving inverse scattering problems (Jin et al., 2017). Ojaghi et al. (2018) developed Ultraviolet Hyperspectral Interferometric (UHI) Microscopy. A key element of this technology is the use of a 4f interferometric setup that permits coherent detection using an incoherent, broadband light source. The method can recover quantitative phase images with sensitivity to optical path lengths in the order of 1 nm.
Deep UV microscopy is a technique that allows high-resolution molecular imaging and absorption-based label-free mass mapping. Deep UV microscopy measures optical density in transmission geometry. Knowing the extinction coefficients and molar weights of its components, the dry mass per unit area (σ) is calculated from these measurements. Kaza et al. (2021) proposed using deep-UV microscopy to extract RBCs’ morphological properties and hemoglobin content.
Regarding scattering methods, Steelman et al. (2019) proposed the following categorization: wavelength-dependent, angle-resolved, and Fourier Domain methods. While angle-resolved (goniometric) and Fourier Domain methods are well-established in the literature, wavelength-dependent methods are relatively new. Strong dependence of the scattering on the wavelength makes it possible to analyze the scattering properties of the particle by fixing the scattering angle and scanning across various wavelengths. This observation is at the core of several light scattering techniques. In particular, light scattering spectroscopy (LSS) is based on detecting a light-scattering spectrum that depends on its size and refractive index (Perelman et al., 1998). In a typical scenario, the particle is illuminated with a broad-spectrum light source, and the spectroscopic output is analyzed to detect the particle sizes and their distribution. Originally, LSS was proposed to probe the structure of living epithelial cells in situ without the need for tissue removal (Gurjar et al., 2001). This technology can be used in cytometry as well.
7 OPEN QUESTIONS
Despite significant efforts in blood optics, there are still numerous open questions.
The nature of light scattering on blood cells has yet to be clarified. Even though the calculations of scattering amplitudes can be done numerically, the complexity of calculations masks the dominant mechanisms of scattering. Notably, there are still conflicting accounts of the primary source of scattering. For example, in Tuchin (2007), the light scattering in blood is attributed primarily to the refractive index mismatch between blood plasma and erythrocyte cytoplasm, which depends on Hb concentration (Roggan et al., 1999). Similarly, in addition to scattering on the cell membrane interface with surrounding media, the elastic light scattering may originate from the cell nucleus and other intracellular structures (e.g., mitochondria). This determination can be done by measuring scattering from cells in media with different indices of refraction. The underlying principle of these experiments is that when the index of refraction difference between the scatterer and the surrounding media is reduced, the scattering intensity will be reduced. Therefore, when the index of refraction of the medium outside a cell is increased so that it is closer to that of the cell, scattering from the interface between the cell and the external medium will be reduced. Scattering from internal cellular structures, however, will not be affected. Thus, the decrease in scattering in the optical clearing experiments supports the notion of scattering on the cellular membranes.
An indirect confirmation of membrane-based origins of the scattering came from Roggan et al. (1999), who investigated the dependence of the scattering on the hemolysis rate. They found that the scattering coefficient μs showed a distinct (close to linear) decrease with increasing hemolysis. At complete hemolysis, μs amounted to 18% of the value measured for intact blood.
Another open question is the behavior of scattering of the whole blood for large hematocrit. It is well established that at high hematocrit, the scattering decreases as hematocrit increases. However, where this infliction point occurs is the question of debate. While some authors (e.g., Douplik and Loschenov (1996b)) claim that it occurs above 50%, other authors (e.g., Roggan et al., 1999) report values as low as 33%. This question can be boiled down to the scaling factor (Equation 20). In particular, if the simple scaling factor for gas (see Equation 22) holds true, then infliction occurs at 50%.
Another open question is the aggregation of RBCs and its impact on scattering. It is well-known that aggregation of RBCs occurs under certain conditions. In particular, the erythrocyte sedimentation rate (ESR) is a standard hematology test, which is a non-specific measure of inflammation. ESR measures the rate at which red blood cells in anticoagulated whole blood descend in a standardized tube over 1 h.
RBC aggregation has a significant impact on the optical properties of blood. In particular, the relationship between the RBC aggregation and optical signal has been well known and studied for many years in vitro (Donner et al., 1988; Klose et al., 1972; Priezzhev et al., 1999; Tsinopoulos et al., 2002).
It is known that blood sedimentation occurs primarily due to rouleau formation. Fine et al. (2001) proposed that the RBC aggregation process by rouleau formation can explain the optical signal (e.g., photoplethysmographic or PPG signal, including pulse oximetry) behavior in vivo. Later, Fine and Kaminsky (2019) elaborated the model and proposed a model of RBC aggregation, which can be qualitatively described as follows: The dynamic balance between the destruction and formation of RBC aggregates is determined by the blood velocity and shear rate. The size of RBC aggregates is inversely proportional to the magnitude of the shear rate (Bishop et al., 2004). The increase in shear rate results in the breakup of large aggregates into smaller ones or individual RBCs. All RBC aggregates for shear rates exceeding 50 s−1 are dissociated into single erythrocytes (Hoeks et al., 1995). Under normal conditions, a periodic pulse wave causes oscillations in velocity and shear forces, modulating the aggregate size. Hence, the oscillation in the shear forces of blood flow is the main rheological factor leading to observed variations in the measured optical signals (for example, PPG signal).
However, this hypothesis requires further verification. Firstly, the aggregation of RBCs is prevented by Coulomb forces, as RBCs are negatively charged due to the presence of the carboxyl group of sialic acids in the cell membrane (Eylar et al., 1962). As such, these charges create a repulsive electric zeta potential between cells. Secondly, in the ESR test, the blood sedimentation caused by rouleau formation occurs on a long time scale (1 h in the clinical test). Thus, the ability to rapidly aggregate and disaggregate during pulse wave propagation also requires further verification.
The impact of oxygenation on scattering is also being debated. Some authors (see, for example, Roggan et al., 1999) claim that whole blood scattering does not depend on oxygenation, but there are some reasons to expect that oxygenation affects scattering. Specifically, oxygenation changes the membrane potential, which may impact the aggregation of RBCs. Thus, aggregation (e.g., via the rouleau formation mentioned above) and sedimentation can be oxygenation-dependent. Moreover, as absorption and refractive index are interrelated through Kramers–Kronig relations, it is reasonable to expect that the strong difference in absorption will lead to differences in scattering as well. This is further supported by the experimental findings of Douplik and Loschenov, who demonstrated that oxygenation levels affect both the scattering coefficient and anisotropy factor of whole blood (Douplik and Loschenov, 1996a). This reasoning aligns with Bosschaart et al. (2014), who found a significant difference in scattering between oxygenated and deoxygenated blood using the Kramers–Kronig relations.
8 CONCLUSION
Blood is a critically important biofluid responsible for transporting oxygen and nutrients to all body tissues and removing waste. Blood has distinct optical features in the visible spectrum range, enabling multiple biomedical optical methods.
The absorption of water and hemoglobins dominates blood absorption. Hemoglobins dominate in the 400–1,100 nm range. Above 1,350 nm, the blood absorption closely follows water absorption.
Among blood components, the optical properties of blood (including absorption) are dominated by red blood cells, whose absorption and scattering are two to three orders of magnitude larger than those of the other blood components (Meinke et al., 2007).
The optical properties of the whole blood are significantly impacted by the encapsulation of hemoglobin molecules into red blood cells. In addition to scattering, it significantly impacts absorption and refractive index. Thus, any extrapolation of results based on hemoglobin solutions must be made cautiously.
Absorption and scattering of the whole blood are affected by multiple factors, including hematocrit, oxygenation, shear rate, and osmolarity. Due to the high heterogeneity of chromophore distribution in the blood (hemoglobins are concentrated in RBCs), optical measurements may be impacted by several effects, including the detour and sieve effects. As blood is a strong absorber of visible light, optical measurements are affected by the diameter of the blood vessels (the self-shielding effect). In addition, measurements of the whole blood in no-flow conditions may be affected by coagulation and sedimentation (Yaroslavsky et al., 2002). Thus, careful experimental planning is required.
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	In optics, dispersion (or chromatic dispersion) is the phenomenon in which the phase velocity of a wave depends on its frequency. A medium having this property is termed a dispersive medium.
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