


Handbook of Modern Biophysics

Application 
of Near Infrared 
Spectroscopy 
in Biomedicine

Thomas Jue
Kazumi Masuda 
Editors



HANDBOOK OF MODERN BIOPHYSICS

Series Editor
Thomas Jue
University of California Davis
Davis, California

For further volumes:
http://www.springer.com/series/7845



.



Thomas Jue • Kazumi Masuda
Editors

Application of Near
Infrared Spectroscopy
in Biomedicine

Volume 4



Editors
Thomas Jue
Biochemistry and Molecular Medicine
University of California Davis
Davis, CA, USA

Kazumi Masuda
Kanazawa University
Kanazawa, Japan

ISBN 978-1-4614-6251-4 ISBN 978-1-4614-6252-1 (eBook)
DOI 10.1007/978-1-4614-6252-1
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2012956439

# Springer Science+Business Media New York 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction on
microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this legal reservation are
brief excerpts in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being entered
and executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this publication or parts
thereof is permitted only under the provisions of the Copyright Law of the Publisher’s location, in its current version, and
permission for use must always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not imply, even in
the absence of a specific statement, that such names are exempt from the relevant protective laws and regulations and therefore
free for general use.
While the advice and information in this book are believed to be true and accurate at the date of publication, neither the authors nor
the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be made. The publisher makes
no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

The advent of near-infrared spectroscopy (NIRS) presents a unique tool for understanding the

regulation of oxidative metabolism during the transition from rest to an active state. Many labora-

tories have started to apply NIRS to interrogate both cerebral and muscle metabolism and have

garnered insights to discriminate the bioenergetics and hemodynamics of healthy and diseased tissue.

Yet using NIRS technology and methodology appropriately requires a solid understanding of the

principles of physics, biochemistry, and physiology. Indeed, introducing a complex biophysics topic

in an academically rigorous but interesting way often poses a challenge.

In keeping with the style of the Handbook of Modern Biophysics, the current volume balances the

need for physical science/mathematics formalism with a demand for biomedical perspectives. Each

chapter divides the presentation into two major parts: the first establishes the conceptual framework

and describes the instrumentation or technique, while the second illustrates current applications in

addressing complex biology questions. With the additional sections on further reading, problems, and

references, the interested reader can explore some chapter ideas more widely.

In the fourth volume in this series, Application of Near-Infrared Spectroscopy in Biomedicine, the

authors have laid down a solid biophysical foundation. Masatsugu Niwayama and Yutaka Yamashita

open by delineating the different types of NIRS methods, describing different instrumentations, and

explaining the underlying idea about photonmigration. Eiji Okada expands on the key concept of photon

migration, especially as it applies to brain imaging. HajimeMiura surveys the application of NIRS in the

clinic, while Takafumi Hamaoka describes the use of NIRS in studying human locomotion. Kazumi

Masuda explores the use of NIRS to understand regulation of intracellular and vascular oxygen from the

start of muscle contraction. Williams and Ponganis show the unique application of NIRS to investigate

oxygen regulation inmarinemammals during a breathhold or a dive. Finally, Chung and Jue compare the

use of NIRS and NMR in determining the role of intracellular oxygen during muscle contraction.

This volume continues the philosophy behind the Handbook of Modern Biophysics in providing

the reader with a fundamental grasp of concepts and applications on current biophysics topics.

Davis, CA, USA Thomas Jue
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Principles and Instrumentation 1
Yutaka Yamashita and Masatsugu Niwayama

1.1 Light Absorption and Light Scattering

Quantification of chromophore concentration is based on the Beer-Lambert law [1–3]. In Fig. 1.1 the

absorption coefficient μa is defined as

dI ¼ �μa I dl; (1.1)

where dI is the change in intensity I of light moving along an infinitesimal path dl in a homogeneous

medium. Integration over a thickness l (mm) yields

I1 ¼ I0 expð�μa lÞ; (1.2)

where I0 is the incident light intensity. This equation is also expressed as base 10 logarithms as

Il ¼ I0 10�cεl: (1.3)

Where c is the concentration of the compound, and ε is the molar absorption coefficient.

Transmission T is defined as the ratio of the transmitted light intensity to the incident light

intensity, I1/I0. The optical density (OD) is given by

OD ¼ log 10ð1=TÞ ¼ log 10ðI0=I1Þ: (1.4)
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When OD and ε are expressed as base 10 logarithms, the following expression is obtained from

Eqs. 1.2, 1.3, and 1.4:

OD ¼ cεl ¼ log10ðeÞ μal; (1.5)

where log10(e) is 0.43429.

Scattering of light in biological tissue is caused by refractive index mismatches at boundaries, such

as cell membranes and organelles. The area that contributes to scattering is called the effective cross-

section, as depicted in Fig. 1.2. The scattering coefficient μs (mm�1) is expressed as the cross-

sectional area (mm2) per unit volume of the medium (mm3). When the scattered photon does not

return to the incident axis, μs can be defined as

I ¼ I0 expð�μslÞ: (1.6)

The scattering path length, defined as 1/μs, is the expected value of distance that a photon travels

between scattering events and defines the distance that reduces incident light I0 to I0/e due to

scattering. The total attenuation coefficient, μt is defined as the sum of the absorption and scattering

coefficients, and 1/μt is called the mean free path. When a photon is incident along the direction i, the

angular probability of the photon being scattered in the direction s is given by the phase function f(i,s).
The phase function is conventionally expressed as a function of the cosine of the scattering angle. The

anisotropy can be represented as the mean cosine of the scattering angle, and the anisotropy factor g is

defined as

g ¼
Z 1

�1

cos θ f ðcos θÞd cos θ: (1.7)

Fig. 1.1 Light transmission through a nonscattering medium

Fig. 1.2 Effective cross-section related to the scattering coefficient

2 Y. Yamashita and M. Niwayama



When g ¼ 0 scattering is isotropic. Moreover, when g ¼ 1 the incident light travels in a straight

line. In contrast, when g ¼ �1 complete backward scattering is observed. Biological tissues

arestrongly forward-scattering media (0.69 < g < 0.99). The reduced scattering coefficient (μ0s) is
defined using the anisotropy factor as follows:

μ0s ¼ μsð1� gÞ: (1.8)

The reduced scattering coefficient can be interpreted as representing the equivalent isotropic

scattering coefficient and is used for the diffusion theory or Monte Carlo simulation when assuming

isotropic scattering.

1.2 Optical Properties of Tissue

Hemoglobin is an iron-containing protein in red blood cells. One mole of deoxygenated hemoglobin

(Hb) binds with four moles of oxygen to become oxygenated hemoglobin (HbO2). The absorption

spectra of oxygenated hemoglobin and deoxygenated hemoglobin [4] are shown in Fig. 1.3. The

curves of the two hemoglobins intersect at about 800 nm, and the crossing point is called the

isosbestic point. Since myoglobin and hemoglobin have similar absorption spectra, it is not easy to

distinguish concentrations with spectroscopy. The separation of absorbers is also described in }1.4.
The absorption coefficient for water [5] is shown in Fig. 1.4. The absorption of water is small at

wavelengths between about 200 and about 900 nm. Considering all components related to absorption in

biological tissues, measurements at wavelengths between 680 and 950 nm are particularly suitable for

spectroscopy.

Although many values for the optical properties of muscle and the overlying tissues (fat and skin)

have been reported, there are significant differences in the results depending on the method of tissue

preparation (fresh, saline-immersed, frozen, or thawed) and the theoretical analysis (diffusion theory,

adding–doubling, Monte Carlo lookup tables). In Table 1.1 the optical properties of muscle, fat,

dermis, and epidermis at wavelengths between 630 and 850 nm are given.

Fig. 1.3 Absorption spectra of oxyhemoglobin and deoxyhemoglobin
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1.3 Near-Infrared Spectroscopy

Spectroscopic measurement of in vivo tissue was first studied by Nicolai et al. [15] in 1932. They

examined the optical characteristics of hemoglobin. The first practical ear oximeter for aviation use

was developed by Millikan [16] ten years later. In 1949 Wood and Geraci [17] modified this

instrument to obtain absolute values of oxygen saturation of arterial blood. The basic idea of this

instrument was used to manufacture ear oximeters that were used in clinical settings until the 1970s.

However, they did not have sufficient measurement stability for continuous monitoring of oxygen

saturation because the calibration procedures were based on various extraneous assumptions. In 1974

Aoyagi et al. [18] presented a new idea called pulse oximetry, which utilizes the pulsation of arteries.

This allowed for accurate measurement of oxygen saturation of arterial blood without the influence of

Fig. 1.4 Absorption

spectrum of water

Table 1.1 Optical properties of muscle, fat, bone, dermis, and epidermis

Sample λ (nm) μa (mm�1) μs0 (mm�1) References

Muscle

Human forearm (in vivo) 800 0.015 1.0 Ferrari [6]

Human forearm (in vivo) 825 0.021–0.027 0.45–0.87 Zaccanti [7]

Human calf (in vivo) 825 0.018–0.028 0.51–0.85 Zaccanti [7]

Bovine muscle (in vitro) 633 0.096 0.53 Kienle [8]

Bovine muscle (in vitro) 751 0.037 0.34 Kienle [8]

Human calf (in vivo) 800 0.017 � 0.005 0.80–1.1 Matcher [9]

Fat

Human mamma (in vivo) 800 0.0017–0.0032 0.72–1.22 Mitic [10]

Human mamma (in vivo) 800 0.0023–0.0026 0.80–1.1 Suzuki [11]

Bovine fat (in vitro) 751 0.0021 1.0 Kienle [8]

Bone

Pig skull (in vitro) 650 0.05 2.6 Firbank [12]

Pig skull (in vitro) 960 0.04 1.32 Firbank [12]

Human skull (in vivo) 849 0.022 0.91 Bevilacqua [13]

Dermis

Pig dermis (in vitro) 790 0.018 1.4 Beek [14]

Pig dermis (in vitro) 850 0.033 0.9 Beek [14]

Epidermis

Pig epidermis (in vitro) 790 0.24 1.9 Beek [14]

Pig epidermis (in vitro) 850 0.16 1.4 Beek [14]
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