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Published: June 27,2023 brain tissues and theoretical penetration depth. These are critical parameters for biomedical applications
and neuroscience research. Brain tissue’s complex nature, experimental technique variability, tissue
composition and structure, tissue type, sample preparation, and temperature all potentially impact
optical measurement accuracy and reliability in brain tissue research. Understanding and minimizing
danovich. Optical Property Measure- these sources of error is crucial for improving data quality and interpretation in biomedical applications.
This study identifies the main sources of variation and vast range of optical values, such as the scattering
coefficient, for the human brain. This article presents a comprehensive analysis of the optical properties
Exploring Discrepancies in the Visi- of normal human brain tissues within the wavelength range of 600 nm to 900 nm, combining our original
ble-NIR Region. Biomed ] Sci & Tech findings with existing literature reviews. Consequently, this work aims to enhance the reliability and

consistency of measurements as well as determine the theoretical penetration depth for future imaging of
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Ultimately, this can help advance current knowledge regarding human brain tissues and aid in the diagnosis
and treatment of brain-related disorders. Scattering properties differ between the gray and white matter
regions of the human brain, and this has implications for imaging and diagnostic techniques in neuroscience.
The attenuation coefficient, which is calculated using absorption spectra from normal gray matter of the
human cerebral cortex (10.9-14.7 mm), provides valuable insight into gray matter optical properties.
The calculated penetration depth within the 600-900 nm wavelength range is between 1.8 and 8.7 mm,
representing the theoretical limit for imaging deep into human brain tissues.
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Introduction

Noninvasive measurements of human brain tissues using var-
ious spectroscopic and optical imaging techniques within the visi-
ble-to-near infrared (VIS-NIR) region play a crucial role in advancing
our understanding of brain function and pathology [1]. These nonin-
vasive methods enable researchers and clinicians to obtain valuable
information regarding tissue composition, oxygenation levels, tem-
perature, and structural changes without the need for invasive pro-
cedures [2-5]. Such noninvasive measurements hold significant po-
tential for application in neuroimaging, diagnostics, and monitoring
brain health. They offer a safer and more accessible means of examin-
ing the brain in both clinical practice and advancements in neurosci-
ence research. The human cerebral cortex comprises gray and white
matter, each with distinct characteristics and functions [6,7]. Gray
matter, found on the outer layer, consists of neuronal cell bodies, den-
drites, glial cells, and synapses, and it is crucial for information pro-
cessing and higher-order brain functions. In contrast, white matter,
located beneath gray matter, primarily comprises myelinated axons
that form neural pathways, and it facilitates signal transmission and
interregional communication. Gray matter is denser, with concentrat-
ed cellular components, while white matter occupies a larger volume
and is characterized by myelinated axonal fibers.

Brain tissue’s optical properties, such as the scattering coefficient,
scattering length, and g value, are critical parameters for several bio-
medical applications and neuroscience research, including spectros-
copy and optical imaging. The scattering coefficient represents the
probability of light being scattered per unit length, while the scat-
tering length describes the average distance that light travels before
being scattered. The g value represents the anisotropy of scattering,
which describes the angular distribution of scattered light. However,
measuring these properties accurately is potentially challenging be-
cause of the complex nature of brain tissue and variety of measure-

ment techniques available. However, discrepancies in optical prop-
erty measurements emanating from different techniques have been
reported [8-18]. This discrepancy can have significant implications
on the interpretation of results and accuracy of conclusions drawn
from them. Understanding the sources of discrepancy and developing
strategies to address them is crucial for advancing our understanding
of brain tissues using optical techniques. “What causes this wide range
of differences?” In this study, we perform a comparative analysis of
different techniques used to measure the optical properties of brain
tissue, including diffuse reflectance spectroscopy, optical coherence
tomography (OCT), confocal microscopy, time-resolved spectroscopy,
and light scattering spectroscopy [8-18]. We explore the factors con-
tributing to discrepancies in the optical property measurements of
brain tissues when using different techniques and discuss strategies
for minimizing these discrepancies. Our findings will provide insight
into the factors that potentially affect the accuracy and precision of
optical property measurements in brain tissue and guide researchers
towards more reliable and consistent measurements.

Based on the available literature, scattering coefficient values can
be categorized into two distinct regions, as outlined in Table 1. No-
tably, certain publications do not explicitly specify the specific brain
tissue region being considered, such as gray or white matter, whereas
others do (Table 1) shows the range of optical properties of human
brain tissues measured using OCT, confocal microscopy, time-re-
solved spectroscopy, and light scattering techniques in the 600-900
nm VIS-NIR region based on reviewed literature. According to the
literature, the anisotropy factor g for human brain tissues generally
lies within the 0.86-0.94 range at wavelengths between 600 and 900
nm [19,20]. Other publications not included in this table may contain
different or more specific values for these optical properties. The
scattering length (1s), which is the inverse of the scattering coefficient
(us), can be determined as shown in (Table 1).

Table 1: Literature review-based scattering coefficient and scattering length ranges using different techniques for examining human brain

tissues.
Scattering Coefficient Scattering Length
Technique Used Reference
(mm) (mm)
2-90 0.05-0.50 Diffuse Optical Imaging and Tomography,
Confocal Microscopy,
[8-18]
Time-Resolved Spectroscopy,
20-50 0.02-0.05
Light Scattering
Materials and Methods spectroscopy system, such as the U-2910 Hitachi Medical System

Determining the attenuation coefficient is crucial in tissue im-
aging as it directly influences the critical penetration depth. To ac-
curately calculate this coefficient, an effective approach must entail
analyzing absorption spectra obtained using a UV-VIS double-beam

[17]. In the present study, we focused on calculating the attenuation
coefficient within the 600-900 nm wavelength range for a specific
thickness of human gray matter (300 pm) in the cerebral cortex tissue
obtained from the National Disease Research Interchange. By plotting
the relationship between wavelength (600-900 nm) and the corre-
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sponding attenuation coefficient, we sought to gain valuable insight
into the optical properties of gray matter in human cerebral cortex
tissue. Furthermore, we aimed to determine the transport length and
penetration depth of human brain tissues within the 600-900 nm
wavelength range using relevant publications in the literature as our
reference. Additionally, we investigated the correlation between scat-
tering coefficient and penetration depth in human brain tissues. This
analysis holds significant importance in accurately predicting pene-
tration depth in human brain imaging applications.

Results and Discussion

Highlighting that the scattering coefficient can exhibit variations
influenced by multiple factors is imperative. These factors potentially
contribute to the observed variability in scattering coefficients within
human brain tissues. One significant factor contributing to variations
in these properties is the experimental technique used to measure
them. The sensitivity and precision of the instruments used to mea-
sure optical properties potentially affects the accuracy and repro-
ducibility of the results obtained. Furthermore, discrepancies in the
observed optical properties can arise due to inherent variations in
tissue composition and structure. These variations may differ among
individuals or even within the same person, further influencing the
optical characteristics of the tissues [21-24]. Additionally, factors
such as tissue age, preservation methods, and pathologies also poten-
tially impact the scattering coefficient. As such, careful consideration
of these variation sources is critical when interpreting and comparing
data from different studies.

Diffuse optical imaging and tomography techniques may encoun-
ter errors arising from the inaccurate placement of optical probes,
motion artifacts caused by subject movement, and the impact of light
absorption or scattering by superficial layers [25-27]. Their mea-
surements can also be affected by the inaccurate modeling of tissue
heterogeneity, limited spatial resolution and depth penetration, and
potential errors during the reconstruction of the internal distribution
of optical properties. Confocal microscopy measurements are possi-
bly prone to errors caused by misalignment or optical aberrations
[28,29]. In addition, signal loss may result from out-of-focus illumina-
tion, and sample-induced scattering or refractive index mismatches
may occur. Time-resolved spectroscopy measurements are potential-
ly affected by inaccuracies in determining photon flight time, detector
noise and dark count rate, and the incomplete modeling of photon
migration within tissues [30,31]. Light scattering measurements can
be influenced by multiple scattering events, that is, the incomplete
removal of scattering contributions from other sources [17,24,32].

In addition, they are sensitive to tissue structural changes or size
distribution. Awareness of these possible sources of error is crucial

for optimizing experimental setups, data interpretation, and advanc-
ing the accuracy and reliability of optical measurements in diverse
biomedical applications. Understanding and mitigating these poten-
tial sources of error are critical for improving the accuracy and reli-
ability of optical measurements in biomedical research and clinical
applications. By addressing these challenges, researchers and practi-
tioners can enhance data quality and interpretation, ultimately lead-
ing to more robust and meaningful outcomes in the field of optical
imaging. The specific sources of error may vary depending on the im-
plementation method and experimental setup used within each tech-
nique. The accuracy and reliability of optical measurements in brain
tissue can be influenced by several tissue-related factors. First, sam-
ple preparation techniques, such as sample thickness, tissue dehydra-
tion, and fixation and slicing, potentially introduce artifacts or alter
tissue properties. The selection of a specific brain region for sampling,
such as the frontal, parietal, temporal, or occipital lobe, can result in
significant differences in tissue composition and optical properties.

Tissue composition encompasses the types and organization of
cells, including neurons, glial cells, and blood vessels. This can vary
across different brain regions. Similarly, optical properties, such as
the anisotropy factor and scattering coefficients, also potentially vary
based on the densities and arrangements of these cellular compo-
nents. Thus, understanding the impact of brain-region selection is
essential for investigating optical properties, as it substantially in-
fluences the interpretation and generalizability of findings in studies
focusing on specific brain areas. Additionally, different types of brain
tissue being investigated whether white or gray matter, can exhibit
varying scattering and absorption characteristics. Moreover, the tem-
perature at which an experiment is conducted potentially influences
tissue properties and alters optical measurements [15,33-36]. Sourc-
es of error originating from sample preparation, tissue region, tissue
type, and temperature emphasize the requirement for careful consid-
eration and standardization in experimental design. This minimizes
error sources and ensure accurate and reliable optical measurements
in brain tissue research.

According to the literature, as shown in (Table 1), as well as our
own research findings, the scattering coefficient of human gray mat-
ter in the cerebral cortex typically falls within the 2-20 mm-1 range.
In contrast, white matter exhibits a higher scattering coefficient,
exceeding 20 and occasionally reaching values of approximately 50
mm-1 or above. Gray matter has a lower scattering coefficient than
white matter. These findings highlight the inherent differences in
scattering properties between gray and white matter regions within
the human brain. These differences have significant implications for
various imaging and diagnostic techniques in neuroscience.
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Table 2: Th values for transport length and penetration depth based on (Table 1), assuming an anisotropy factor (g) of 0. 9 and absorption

coefficient of 0.02 mm™.

Scattering Coefficient Scattering Length q
LTran}f;()ort Penehéahon ;1 S Technique Used Reference
(mmA-1) (mm) ength (mm) (mm
Diffuse Optical Imaging and Tomography,
Confocal Microscopy,
2-20 0.05-0.50 0.5-5 29-87 [8-18]
Time-Resolved Spectroscopy,
Light Scattering
20-50 0.02-0.05 0.2-0.5 1.8-2.9

(Table 2) presents the range of optical properties observed in
human brain tissues, as outlined in (Table 1). Additionally, this table
includes the computed values for transport length (It) using equation
1 and penetration depth (8) using equation 2. We adopted a value of
0.90 for the anisotropy factor (g) [19,20]. The values in this table cor-
respond to those in the literature between 600 and 900 nm. Equa-
tions 1 and 2 are as follows:

z 1 I
= = ) 1
u(1-g) (1-g) M
1

A i) @

where p_(A) is the absorption coefficient. Human brain tissues
have an absorption coefficient of approximately 0.02 mm™ between

Penetration Depth (mm)
O = N W & U O SN 00w O

20

600 and 900 nm, according to the literature [9,37]. These calcula-
tions offer valuable insight into the behavior of light as it propagates
through tissues, revealing the maximum distance it can traverse and
depth at which it can effectively penetrate to enable noninvasive im-
aging of neurons in deep tissue regions. The findings presented here
provide valuable information regarding the optical properties of gray
matter in human brain tissue. The plot in (Figure 1) illustrates the
relationship between penetration depth and scattering coefficient
from (Table 2) for normal brain tissues within the 600-900 nm wave-
length range, as reported in the literature. The penetration depth was
determined using Equation 2, considering an anisotropy factor (g)
value of 0.9 and absorption coefficient of approximately 0.02 within
the same wavelength range. Notably, the absorption coefficient, which
remained relatively constant (ranging from 0.01 to 0.03), was signifi-
cantly smaller than the scattering coefficient in this region.

30 40 50

Scattering coefficient(mm )

Figure 1: Penetration depths of human brain tissues across the 600-900-nm range according to the literature.
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The penetration depth of normal human brain tissue samples var-
ied from 1.8 mm (at a scattering coefficient of 50 mm™) to 8.7 mm (at
a scattering coefficient of 2 mm™). The penetration depth represents
the theoretical limit for imaging deep into human brain tissues. The
attenuation coefficient for normal human gray matter, which plays a
crucial role in determining the critical depth for tissue imaging, can be
calculated from the absorption spectra obtained using a UV-VIS dou-
ble-beam spectroscopy system, specifically the U-2910 Hitachi Med-
ical System [17]. In this study, we calculated the attenuation coeffi-

16
E
E
; 14
&2
=
@
o
o
c
S 12
®
=
c
]
£
g
10
600 650 700

cient for a specific section (300 pm) of the gray matter in the cerebral
cortex of human brain tissue, focusing on a 600-900 nm wavelength
range. The attenuation coefficient of gray matter in normal human
brain tissue samples, as calculated using a UV-VIS double-beam Hita-
chi Medical system, ranged from 14.7 mm at 600 nm to 10.9 mm™ at
900 nm. The corresponding results provide valuable insight into the
optical properties of gray matter in normal human brain tissue and
are shown in (Figure 2).

750 800 850 900

Wavelength (nm)

Figure 2: Attenuation coefficient (mm™) of gray matter in normal human brain tissue, calculated from absorption spectra using a UV-VIS double

beam Hitachi Medical System.

Conclusion

In conclusion, the scattering coefficient in human brain tissues is
influenced by factors such as experimental technique, placement of
optical probes, motion artifacts, sample preparation method, tissue
state, tissue composition, and structural variations. It is important for
researchers to consider these factors when performing and reporting
optical property measurements of brain tissues to ensure the accu-
racy and reproducibility of their results, advance our understanding
of biological tissues, and facilitate meaningful scientific discoveries.
This study yielded scattering coefficients ranging from 2 to 20 (mm-)
and exceeding 20 to approximately 50 (mm™) in the gray and white
matter of the human cerebral cortex, respectively. Computed values
for transport length and penetration depth based on these scatter-
ing coefficients provide valuable insight into the optical properties
of normal human brain tissues. In the wavelength range of 600-900
nm, attenuation coefficients and penetration depths were calculated
to establish theoretical limits and potential capabilities of imaging

human brain tissues within this specific range. The calculated atten-
uation coefficient for normal human gray matter falls between 2 and
15 mm™. The calculated penetration depth, ranging from 2 to 9 mm
within the 600-900 nm range, represents the theoretical limit of deep
penetration into human brain tissues. These findings enhance our
knowledge and understanding of the optical properties of the human
brain. They have potential implications for enhancing spectral and
imaging approaches in the field of neuroscience.

Acknowledgment

This research was funded by the City University of New York (PSC-
CUNY) Research Award Program (grant # 6142400-49). We acknowl-
edge the use of tissues procured by the National Disease Research
Interchange (NDRI) with support from an NIH grant (U420D11158).

Conflict of Interest

The authors have no conflict of interest relevant to this study to
declare.

Copyright@ : Jamal H Ali | Biomed ] Sci & Tech Res | BJSTR. MS.ID.008077.

42535


https://dx.doi.org/10.26717/BJSTR.2023.51.008077

Volume 51- Issue 2

DOI: 10.26717/BJSTR.2023.51.008077

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ali JH (2023) Counting neurons: comparing invasive and noninvasive
techniques. Biomedical Journal of Scientific & Technical Research 49(1).

Ali JH, Wang WB, Zevallos M, Alfano RR (2004) Near-infrared spectrosco-
py and imaging to probe differences in water content in normal and cancer
human prostate tissues. Technology in Cancer Research and Treatment
3(5): 491-497.

Friebel M, Roggan A, Miiller G, Meinke M (2006) Determination of optical
properties of human blood in the spectral range 250 to 1100 nm using
Monte Carlo simulations with hematocrit-dependent effective scattering
phase functions. Journal of Biomedical Optics 11(3): 34021.

Bakhsheshi ME Lee T (2014) Non-invasive monitoring of brain tempera-
ture by near-infrared spectroscopy. Temperature 2(1): 31-32.

Biswas T, Luu T (2009) In vivo MR measurement of refractive Index, rel-
ative water content and T2 relaxation time of various brain lesions with
clinical application to discriminate brain lesions. The Internet Journal of
Radiology 13: 1.

Mackenzie R] (2019) Gray matter vs white matter.
Physiopedia (2023) Grey and white matter.

Sawosz P, Wojtkiewicz S, Kacprzak M, Weigl W, Borowska-Solonynko A,
et al. (2016) Human skull translucency: post mortem studies. Biomedical
Optics Express 7(12): 5010-5020.

Yaroslavsky AN, Schulze PC, Yaroslavsky 1V, Schober R, Ulrich F, et al.
(2002) Optical properties of selected native and coagulated human brain
tissues in vitro in the visible and near infrared spectral range. Physics in
Medicine & Biology 47(12): 2059-2073.

Gebhart SC, Lin WC, Mahadevan Jansen A (2006) In vitro determination of
normal and neoplastic human brain tissue optical properties using inverse
adding-doubling. Physics in Medicine and Biology 51(8): 2011-2027.

Honda N, Ishii K, Kajimoto Y, Kuroiwa T, Awazu K (2018) Determination of
optical properties of human brain tumor tissues from 350 to 1000 nm to
investigate the cause of false negatives in fluorescence-guided resection
with 5-aminolevulinic acid. Journal of Biomedical Optics 23(7): 1-10.

Giovannella M, Contini D, Pagliazzi M, Pifferi A, Spinelli L, et al. (2019)
BabyLux device: a diffuse optical system integrating diffuse correlation
spectroscopy and time-resolved near-infrared spectroscopy for the neu-
romonitoring of the premature newborn brain. Neurophotonics 6(2):
025007.

Bashkatov AN, Berezin KV, Dvoretskiy KN, Chernavina ML, Genina EA, et al.
(2018) Measurement of tissue optical properties in the context of tissue
optical clearing. Journal of Biomedical Optics 23(9): 1-31.

Splinter R, Cheong WF, van Gemert M], Welch AJ (1989) In vitro optical
properties of human and canine brain and urinary bladder tissues at 633
nm. Lasers in Surgery and Medicine 9(1): 37-41.

Bevilacqua F, Piguet D, Marquet P, Gross ] D, Tromberg BJ, et al. (1999) In
vivo local determination of tissue optical properties: applications to hu-
man brain. Applied Optics 38(22): 4939-4950.

Sawosz P, Wojtkiewicz S, Kacprzak M, Weigl W, Borowska-Solonynko A, et
al. (2016) Human skull translucency: post mortem studies. Biomed Opt
Express 7(12): 5010-5020.

Ali JH (2023) Spectral optical properties of gray matter in human male
brain tissue measured at 400-1100 nm. Optics 4(1): 1-10.

Jacques SL (2013) Optical properties of biological tissues: A review. Phys-
ics in Medicine & Biology 58(11): R37-R61.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Wang L, Wu H (2007) Biomedical optics: Principles and imaging. Hoboken,
NJ, USA: John Wiley & Sons.

Tuchin V (2000) Tissue optics: Light scattering methods and instruments
for medical diagnosis. Bellingham, WA, USA: SPIE Press.

Ribeiro PFM, Ventura-Antunes L, Gabi M, Mota B, Grinberg LT et al. (2013)
The human cerebral cortex is neither one nor many: Neuronal distribution
reveals two quantitatively different zones in the gray matter, three in the
white matter, and explains local variations in cortical folding. Frontiers in
Neuroanatomy 7: 28.

Young NA, Collins CE, Kaas JH (2013) Cell and neuron densities in the pri-
mary motor cortex of primates. Frontiers in Neural Circuits 7: 30.

Collins CE, Airey DC, Young NA, Leitch DB, Kaas JH (2010) Neuron densi-
ties vary across and within cortical areas in primates. Proceedings of the
National Academy of Sciences of the United States of America 107(36):
15927-15932.

Al Juboori SI, Dondzillo A, Stubblefield EA, Felsen G, Lei TC, et al. (2013)
Light scattering properties vary across different regions of the adult
mouse brain PLoS One 8(7): e67626.

Angelo JP, Chen S, Ochoa M, Sunar U, Gioux S, etal. (2018) Review of struc-
tured light in diffuse optical imaging. Journal of Biomedical Optics 24(7):
1-20.

Hernandez Martin E, Gonzalez Mora JL (2020) Diffuse optical tomography
in the human brain: A briefly review from the neurophysiology to its ap-
plications. Brain Science Advances 6(4): 289-305.

Lee C, Cooper R, Austin T (2017) Diffuse optical tomography to investigate
the newborn brain. Pediatric Research 82: 376-386.

Elliott AD (2020) Confocal microscopy: Principles and modern practices.
Current Protocols in Cytometry 92(1): e68.

Jonkman J, Brown CM, Wright GD, Anderson KI, North AJ (2020) Guidance
for quantitative confocal microscopy. Nature Protocols 15: 1585-1611.

Milej D, Gerega A, Kacprzak M, Sawosz P, Weigl W, et al. (2014) Time-re-
solved multi-channel optical system for assessment of brain oxygenation
and perfusion by monitoring of diffuse reflectance and fluorescence. Op-
to-Electronics Review 22(1): 55-67.

Das B, Shi L, Budansky Y, Rodriguez Contreras A, Alfano R (2018) Alzhei-
mer mouse brain tissue measured by time resolved fluorescence spectros-
copy using single- and multi-photon excitation of label free native mole-
cules. Journal of Biophotonics 11(1).

Steelman ZA, HoDS, Chu KK, Wax A (2019) Light-scattering methods for
tissue diagnosis. Optica 6(4): 479-489.

Caon T, Simdes CM (2011) Effect of freezing and type of mucosa on ex vivo
drug permeability parameters. American Association of Pharmaceutical
Scientists 12(2): 587-592.

Estrada LI, Robinson AA, Amaral AC, Giannaris EL, Heyworth NC, et al.
(2017) Evaluation of long-term cryostorage of brain tissue sections for
quantitative histochemistry. Journal of Histochemistry & Cytochemistry
65(3): 153-171.

Bao WG, Zhang X, Zhang ]G, Zhou W] BiTN, Wang JC, et al. (2013) Biobank-
ing of fresh-frozen human colon tissues: Impact of tissue ex-vivo ischemia
times and storage periods on RNA quality. Annals of Surgical Oncology
20(5): 1737-1744.

lorizzo TW, Jermain PR, Salomatina E, Muzikansky A, Yaroslavsky AN
(2021) Temperature induced changes in the optical properties of skin in
vivo. Scientific Report 11: 754.

Copyright@ : Jamal H Ali | Biomed ] Sci & Tech Res | BJSTR. MS.ID.008077.

42536


https://dx.doi.org/10.26717/BJSTR.2023.51.008077
https://biomedres.us/pdfs/BJSTR.MS.ID.007757.pdf
https://biomedres.us/pdfs/BJSTR.MS.ID.007757.pdf
https://pubmed.ncbi.nlm.nih.gov/15453814/
https://pubmed.ncbi.nlm.nih.gov/15453814/
https://pubmed.ncbi.nlm.nih.gov/15453814/
https://pubmed.ncbi.nlm.nih.gov/15453814/
https://pubmed.ncbi.nlm.nih.gov/16822070/
https://pubmed.ncbi.nlm.nih.gov/16822070/
https://pubmed.ncbi.nlm.nih.gov/16822070/
https://pubmed.ncbi.nlm.nih.gov/16822070/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4843945/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4843945/
https://ispub.com/IJRA/13/1/8277
https://ispub.com/IJRA/13/1/8277
https://ispub.com/IJRA/13/1/8277
https://ispub.com/IJRA/13/1/8277
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://pubmed.ncbi.nlm.nih.gov/12118601/
https://pubmed.ncbi.nlm.nih.gov/12118601/
https://pubmed.ncbi.nlm.nih.gov/12118601/
https://pubmed.ncbi.nlm.nih.gov/12118601/
https://pubmed.ncbi.nlm.nih.gov/16585842/
https://pubmed.ncbi.nlm.nih.gov/16585842/
https://pubmed.ncbi.nlm.nih.gov/16585842/
https://pubmed.ncbi.nlm.nih.gov/30006993/
https://pubmed.ncbi.nlm.nih.gov/30006993/
https://pubmed.ncbi.nlm.nih.gov/30006993/
https://pubmed.ncbi.nlm.nih.gov/30006993/
https://pubmed.ncbi.nlm.nih.gov/31093515/
https://pubmed.ncbi.nlm.nih.gov/31093515/
https://pubmed.ncbi.nlm.nih.gov/31093515/
https://pubmed.ncbi.nlm.nih.gov/31093515/
https://pubmed.ncbi.nlm.nih.gov/31093515/
https://pubmed.ncbi.nlm.nih.gov/30141286/
https://pubmed.ncbi.nlm.nih.gov/30141286/
https://pubmed.ncbi.nlm.nih.gov/30141286/
https://pubmed.ncbi.nlm.nih.gov/2927227/
https://pubmed.ncbi.nlm.nih.gov/2927227/
https://pubmed.ncbi.nlm.nih.gov/2927227/
https://pubmed.ncbi.nlm.nih.gov/18323984/
https://pubmed.ncbi.nlm.nih.gov/18323984/
https://pubmed.ncbi.nlm.nih.gov/18323984/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175548/
https://pubmed.ncbi.nlm.nih.gov/23666068/
https://pubmed.ncbi.nlm.nih.gov/23666068/
https://www.frontiersin.org/articles/10.3389/fnana.2013.00028/
https://www.frontiersin.org/articles/10.3389/fnana.2013.00028/
https://www.frontiersin.org/articles/10.3389/fnana.2013.00028/
https://www.frontiersin.org/articles/10.3389/fnana.2013.00028/
https://www.frontiersin.org/articles/10.3389/fnana.2013.00028/
https://www.frontiersin.org/articles/10.3389/fncir.2013.00030/full
https://www.frontiersin.org/articles/10.3389/fncir.2013.00030/full
https://pubmed.ncbi.nlm.nih.gov/20798050/
https://pubmed.ncbi.nlm.nih.gov/20798050/
https://pubmed.ncbi.nlm.nih.gov/20798050/
https://pubmed.ncbi.nlm.nih.gov/20798050/
https://pubmed.ncbi.nlm.nih.gov/23874433/
https://pubmed.ncbi.nlm.nih.gov/23874433/
https://pubmed.ncbi.nlm.nih.gov/23874433/
https://pubmed.ncbi.nlm.nih.gov/30218503/
https://pubmed.ncbi.nlm.nih.gov/30218503/
https://pubmed.ncbi.nlm.nih.gov/30218503/
https://www.proquest.com/openview/8d5776a01753168572efcbbb3f347d45/1?pq-origsite=gscholar&cbl=4450819
https://www.proquest.com/openview/8d5776a01753168572efcbbb3f347d45/1?pq-origsite=gscholar&cbl=4450819
https://www.proquest.com/openview/8d5776a01753168572efcbbb3f347d45/1?pq-origsite=gscholar&cbl=4450819
https://www.nature.com/articles/pr2017107
https://www.nature.com/articles/pr2017107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6961134/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6961134/
https://www.nature.com/articles/s41596-020-0313-9
https://www.nature.com/articles/s41596-020-0313-9
https://link.springer.com/article/10.2478/s11772-014-0178-y
https://link.springer.com/article/10.2478/s11772-014-0178-y
https://link.springer.com/article/10.2478/s11772-014-0178-y
https://link.springer.com/article/10.2478/s11772-014-0178-y
https://pubmed.ncbi.nlm.nih.gov/28464457/
https://pubmed.ncbi.nlm.nih.gov/28464457/
https://pubmed.ncbi.nlm.nih.gov/28464457/
https://pubmed.ncbi.nlm.nih.gov/28464457/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7544148/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7544148/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3134646/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3134646/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3134646/
https://pubmed.ncbi.nlm.nih.gov/28080173/
https://pubmed.ncbi.nlm.nih.gov/28080173/
https://pubmed.ncbi.nlm.nih.gov/28080173/
https://pubmed.ncbi.nlm.nih.gov/28080173/
https://pubmed.ncbi.nlm.nih.gov/22711177/
https://pubmed.ncbi.nlm.nih.gov/22711177/
https://pubmed.ncbi.nlm.nih.gov/22711177/
https://pubmed.ncbi.nlm.nih.gov/22711177/
https://www.nature.com/articles/s41598-020-80254-9
https://www.nature.com/articles/s41598-020-80254-9
https://www.nature.com/articles/s41598-020-80254-9

Volume 51- Issue 2

DOI: 10.26717/BJSTR.2023.51.008077

37. Kim S, Lee ] H (2005) Near-infrared light propagation in an adult head
model with refractive index mismatch. ETRI Journal 27(4): 377-384.

ISSN: 2574-1241

DOI: 10.26717/BJSTR.2023.51.008077
Jamal H Ali. Biomed ] Sci & Tech Res

@ @ @ This work is licensed under Creative

Commons Attribution 4.0 License

Submission Link: https://biomedres.us/submit-manuscript.php

BIOMEDICAL

RESEARCHES

B A

Assets of Publishing with us

Global archiving of articles
Immediate, unrestricted online access
Rigorous Peer Review Process
Authors Retain Copyrights

Unique DOI for all articles

https://biomedres.us/

Copyright@ : Jamal H Ali | Biomed ] Sci & Tech Res | BJSTR. MS.ID.008077.

42537


https://dx.doi.org/10.26717/BJSTR.2023.51.008077
https://onlinelibrary.wiley.com/doi/abs/10.4218/etrij.05.0104.0056
https://onlinelibrary.wiley.com/doi/abs/10.4218/etrij.05.0104.0056
https://dx.doi.org/10.26717/BJSTR.2023.51.008077

