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Measuring and 
Imaging in 
Tissue Using 
Near-IR Light 

B Y D A V I D A . B E N A R O N 

Near-infrared spectroscopy (NIRS) is an 
emerging technique for continuous, 
noninvasive bedside monitoring of tis
sue structure, oxygenation, and blood 
flow. It relies upon the relationships 
that variations in the concentration of 
light-absorbing oxygen-carrying pig
ments produce proportional changes 
in the way these proteins absorb light, 

and that variations in concentration and tissue structure 
affect the path of light through tissue. M R S has already been 
shown to be a nonionizing, relatively safe form of radiation 
that functions well as a medical probe, 1 - 1 2 with red and near-
infrared light passing easily through structures such as the 
skull,2 , 3 penetrating deeply into many tissues,4-6 and well 
tolerated in large doses.7 Thus, variations in light absor
bance and scattering at different wavelengths can be used to 
deduce concentration of physiologic intermediates of deep 
tissues such as the brain, provided that the distance light has 
traveled through the tissue between emission and detection 
is known, and to deduce tissue structure, provided that the 
path of the light through the tissue is known or calculable. 

Recent advances in the ability to produce and measure 
near-infrared (MR) light passing through tissue has led to 
an explosion in the number of such medical M R applica
tions under development. This report reviews several active 
areas of such research. Quantitation (measurement of con

centration) and imaging (detection and localization) are ex
amined separately, though a combination of imaging and 
quantitation approach will ultimately work synergistically 
by allowing regional problems to be identified spatially. 

Q U A N T I T A T I O N 

Basis for Measurement 
As with all forms of optical oximetry, quantitative measure
ment of pigments such as hemoglobin in vitro using M R S is 
based upon the principle that changes in the absorbance of 
light (ΔA) are related to changes in concentration (ΔC) by 
Beer's Law (A = εCL), where L is the distance light has 
traveled through the medium (called the optical path length) 
and e is a constant called the extinction coefficient.8,12,13 In 
vivo, however, Beer's Law is inaccurate due to additional 
light losses caused by light scattering, though in some cases 
it serves as a starting point. Temporal variations in absor
bance, caused by changes in the optical spectrum of certain 
proteins as the partial pressure of oxygen varies,14 have been 
used to estimate changes in oxygenation in the extremi
ties1 1 , 1 2 , 1 5 and brain, 1 , 1 6 , 1 7 as well as to measure local blood 
volume and flow.18 Estimates can be quantitative when the 
distance light travels through the tissue is known. 9 , 1 9 , 2 0 

Oxygen-sensitive M R S differs from pulse oximetry in 
that M R S can be used to independently measure oxygen
ation in the arteries, veins, and small blood vessels via he
moglobin spectroscopy, or to measure oxygen sufficiency 
within the cell via cytosolic or mitochondrial cytochrome 

Measured 
Parameter 

Effective 
Range 

Resolution 
Required 

Δ [HbO2], Δ [Hb] 10-150 μM ± 3% 
Δ [aa3] 0-15 μM ± 10% 
CBF 0-40ml/100g/min ± 10% 
CBV 0-15ml/100g ± 10% 

SaO2 30-100% ± 5% 

SvO2 
10-85% ± 5% 

Bilirubin 0-500 μM ± 10% 
Δ (cyto. oxidase) 0-5 μM ± 20% 

Accuracy to be maintained under the following condi
tions; head diameter 10-15 cm, μa = 0.01-0.06/cm and μ's 
= 5-15/cm with spatial resolution of 36 pixels/head ( 6 X 6 ) . 

CBF - cerebral blood flow; CBV - cerebral blood volume. 
Bilirubin and cytochrome oxidase measurements are op
tional components of this oximeter. 

T A B L E 1 . N I H W O R K S H O P G O A L S F O R N I R S 

Q U A N T I T A T I O N . 

OPTICS & P H O T O N I C S N E W S / O C T O B E R 1992 27 



BEYOND THE CUTTING EDGE: 

Optics & Light in Medicine 

spectroscopy, or both. Sensitivity to oxygen-carrying pig
ments gives NIRS the potential to measure hemoglobin oxy
gen saturation (HbO 2%), cellular and mitochondrial 
cytochrome aa3 oxygenation state (CytO2), cerebral blood 
flow (CBF), and cerebral blood volume (CBV). Therefore, 
NIRS holds promise as an early warning and monitoring 
system for impending and existing hypoxic injuries.9 ,17 ,19 

In theory, NIRS techniques such as niroscopy1 and re
gional cerebral spectroscopy16 allow spectrophotometric 
quantitation of changes in concentration of nearly any sub
stance in the body that absorbs light, though current work 
has focused primarily upon oxygen-carrying pigments, glu
cose, lipids, and cholesterol. In some cases, absolute concen
tration may be measurable. Widespread clinical use has been 
delayed, however, because conversion of the optical signals 
into quantitative measurements has been problematic. 

Optical Path Length: The Third Variable 
In the past, quantitative NIRS has been based upon assump
tions that the distance light travels through tissue, called the 
optical path length (L), is constant among patients and inde
pendent of the wavelength of light used. A constant optical 
path length cancels out in ratios of concentrations, such as 
when calculating percentage hemoglobin saturation via pulse 
oximetry.13 Other NIRS methods use a predicted value for L, 
estimated from animal models5 or from the geometry of the 
emitter and detector.21 Errors in either the estimated value of 
L, or errors regarding the stability of L, can result in inaccu
rate estimates of concentration. 

Recent studies show that L is not a constant. Optical path 
length varies temporally with pigment concentration, which 
has been used to monitor oxygenation changes in piglets,9 

and spatially with variations in tissue structure, which has 
been used to form images of phantoms and tissue.22,23 At the 
microscopic level, low-coherence interferometry, the mea
surement of interference patterns caused by inequalities in 
optical paths due to scattering, has been used to image retinal 
structures down to 2 mm. 2 4 There is also theoretical support 
for the wavelength dependence of optical path length.10 ,25 

Delpy et al. report that the cerebral differential path length 
factor, a ratio of measured optical path length to emitter-
detector separation, varies over 25% in infants.8 Thus, use of 
algorithms based upon predicted or estimated optical path 
lengths in humans is likely to result in limited accuracy due 
to the presence of wide variability in path length. 

Concurrent Measurement of Absorbance and Path Length 
While quantitative NIRS has been difficult when optical path 
length is assumed but not measured, a combination of path 
length and absorbance measurements has allowed 
quantitation of central cerebral venous saturation changes in 
the infants undergoing cardiac arrest during open heart sur
gery.9,19 Target standards for such measurements have re

cently been defined at the Workshop on Near-Infrared Spec
troscopy at the National Institutes of Health (see Table I).26 

Measurement of optical path length is usually performed 
using pulsed or modulated laser signals. For example, Chance 
measures path using modulated 754 nm and 816 nm diode 
lasers, deducing path length from the PMT-measured shift 
in phase of the modulated signal as compared to a refer
ence.10 Delpy and Alfano use streak-camera detection 
schemes and titanium-sapphire or chromium-forsterite la
ser systems. I use discontinuous, pulsed red, and NIR diode 
laser light and solid state detectors, measuring time-resolved 
absorbance to assess path length. 

I M A G I N G 

Basis for Imaging 
Images of the interior of living bodies can be formed using x-
rays, magnetic resonance, ultrasound, positron-emission, 
thermal emission, electrical impedance, and other probes. 
Each of these methods has drawbacks that limit use as a 
continuous, noninvasive, nondestructive monitor for living 
organisms.22 Light-based tissue imaging is possible because 
variations in absorption and scattering over space and time 
influence photon travel though tissue. Variations in oxygen 
tension and delivery over space and time produce regional 
variations in light absorbance, while variations in tissue 
structure produce similar spatial effects. For example, tu
mors frequently differ from neighboring tissues by increased 
attenuation of light, possibly due to a plentiful blood supply 
and high concentrations of mitochondria.7 ,11 Spatial varia
tions in absorbance have been used to form transillumination 
"shadowgrams" of tumors,11 detect cerebral bleeding,27 and 
reconstruct steady-state tomographs of 2-D structure.28 

F I G U R E 1 . A T I M E - C O N S T R A I N E D T I M E - O F - F L I G H T 

S Y S T E M . 
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However, optical imaging of tissue has been difficult to 
achieve because light is strongly scattered by tissue, produc
ing a wide range of paths taken by, and the time required 
for, photons to traverse the tissue. Scattering is the major 
attenuator of transmitted photon intensity i n tissue. The 
average photon travels less than 100 μm into tissue before 
scattering, and multiple scattering events occur for vir tual ly 
all photons propagating through tissue. Simple models for 
this diffusive behavior resemble molecular diffusion equa
tions, whi le more accurate treatments consider that light 
scattering has a forward-weighted anisotropy. 2 9 

Time-Resolution 
The potential use of light as a noninvasive imaging tool for 
visualizing oxygenation or structure wi th in scattering sys
tems such as the brain has led to a search for methods that 
are fast and of good resolving power. Time-resolved optical 
methods, i n which photon transit time affects image, fall 
broadly into two categories: either 1) all photons are imaged, 
and the image is mathematically reconstructed from delays 
experienced by a group of photons as they travel from emit
ter to detector, or 2) "ballistic" photons (those passing through 
tissue without scattering) are imaged, and thus photon path 
is linear and conventional radiological analysis applies. Re
construction approaches yield images using both idea l 2 8 and 
real data but are computation-intensive and s low, 3 0 whi le 
the rarity of unscattered photons precludes true ballistic 
imaging i n tissue. 

Ballistic photon imaging is made possible by the collec
tion of minimally-scattering "snake" photons, wh ich are 
orders of magnitude more common, 2 3 and has been used to 
image phantom objects through chicken breast several m i l l i 
meters thick and other scattering media , 2 3 , 3 1 to collect light 
through portions of a fish body, and to improve optical 
localization of the bony portions of fingers. 3 2 Images are 
easily generated by integrating snake photons. Ballistic pho
tons respond to the vast array of standard optics techniques 
developed for other linearly-traveling photons, and increases 
i n absorption improve resolution. 3 2 

We have focused upon the new technique of time-con
straint, 1 3 , 2 2 wh ich measures the transit time and absorbance 
of a constant, early fraction of detected photons. In theory, 
the farther light travels through tissue, the more l ikely that 
the light has diffused randomly and contains little or no 
spatial information. Thus, optical variations directly between 
emitter and detector disproportionately affect the intensity 
and transit time of these early-arriving photons, and this 
change i n transit delay can be used as an imaging variable. 

We constructed a picosecond time-constrained, time-of-
flight and absorbance (tc-TOFA), near-infrared multi-wave
length spectrophotometer 2 2 to study such optical-based 
imaging and quantitation (Fig. 1). Imaging is d iv ided into 
two functions: 1) detection (e.g., whether an object is present 

or not, wh ich is relevant to detection of strokes, intraven
tricular hemorrhages, and tumors), and 2) localization (e.g., 
the. ability to localize one or more structures to their appro
priate boxels, wh ich is relevant to image construction). 

We have imaged the interior of scattering bodies, inani
mate model systems 2 2 as we l l as mammals, and have pro
duced images of whole animals i n which major organs are 
visible (Fig. 2). In humans, we are using a similar approach 
to locate and define intracranial bleeding i n critically i l l 
infants. We have found the detection power of such a system 
to be better than 1-2 m m i n premature neonatal brain, and 
similar or better i n adult breast. Lastly, we are investigating 
methods for measuring cerebral blood volume, cerebral blood 
flow, and arterial and venous saturation, parameters used i n 
the diagnosis and treatment of problems of oxygen delivery 
to tissue. 

Comparison of Current Approaches to Imaging 
Both time- and frequency-resolved techniques have been 
shown to be useful path-sensitive approaches in image re
construction and i n subsurface object detection, and both 
approaches yie ld theoretically equivalent data related by 
Fourier-transform. In the frequency domain, Chance pio
neered multi-frequency phase-modulated spectrophotom
etry, 2 7 in wh ich phase shifts related to the average transit 
times are measured as a function of modulation frequency. 
Sevick 3 3 has shown that such an approach allows detection 
of subsurface structure and control over depth of focus. 
Gratton uses phased diode arrays as a probe and time-gated 
intensity-modulated C C D cameras. 3 4 Alfano uses pulsed la
sers and standard focusing optics to improve resolution. 

F I G U R E 2 . T O F A R A T S C A N . I N T E R N A L O R G A N S A R E 

V I S I B L E . 
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Other laboratories, including ours, have focused on time-
resolved approaches. Using images reconstructed mathemati
cally from time-of-flight curves taken at multiple locations, 
Delpy et al. have been able to demonstrate two- and three-
point structure resolution, and recently reduce computation 
time to less than 20 minutes under carefully controlled start
ing conditions. There are also strong parallels with imped
ance imaging techniques. We have favored time-domain 
approaches as a path length is determined for each detected 
photon, rather than the ensemble averages determined by 
frequency-domain approaches. However, it remains unclear 
which method will prove superior in the future. It is likely 
that each will have strong points that will support use under 
certain clinical conditions. 

C O M B I N A T I O N O F I M A G I N G A N D M E A S U R E M E N T 

At present, medical tools for the evaluation of neurologic 
function are inadequate for the early detection of brain in
jury caused by a lack of oxygen. Quantitative optical mea
surement of deep-tissue oxygenation, if a path length is 
known, provides part of this detection, while path-resolu
tion may allow localization of that measurement. The com
bination of a quantitative measurement with a spatial 
localization will be central to the development of a 
noninvasive, continuous imaging monitor based on NIR tech
nology. Algorithms are currently being evaluated to allow 
simultaneous imaging and calculation of tissue oxygenation 
in three-dimensions. 

Light-based medical imaging, though still in its infancy, 
is rapidly becoming a reality, currently capable of produc
ing whole-body images of animals and objects in situ. With 
such a device, blood flow and oxygen delivery may be mea
sured in a spatial fashion. Other potential applications in
clude noninvasive diagnosis of blood clots, diagnosis and 
management of heart dysfunction, imaging of stroke or cere
bral hemorrhage, and metabolite monitoring. Spectral dis
crimination could allow remote identification of tumor or 
neural tissue by type, of fresh blood clot from old, frozen 
from untreated tissue in tumors undergoing cryotherapy, or 
even permit detailed, remote chemical analysis. Light-based 
imaging may also permit diffusometry, the characterization 
of tissue and tissue components based upon optical proper
ties. It is also likely that there are several clinical conditions 
that could currently benefit from such optical devices, even 
without further technological breakthroughs, including moni
toring of the fetus and neonatal neurologic monitoring. As a 
result, the medical potential of a combined quantitation and 
imaging NIR tool is believed to be great. 
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Optical Tissue 
Diagnostics: 
Fluorescence and 
Transillumination 
Imaging 

B Y S U N E S V A N B E R G 

Optical tissue diagnosis through the ex
perienced doctor's eye has long been a 
prime method i n medical examinations. 
Through the development of endoscopic 
techniques, it has also become possible 
to gain optical access to many inner or
gans, such as the lungs, urinary blad
der, gastrointestinal tract, and larger 
vessels. Through the biopsy channel of 

such fiber optic instruments, i t is also possible to collect 
specimens for histopathological investigation and to per
form treatment procedures such as employing laser radia
tion. A n extension of the optical diagnosis using reflected 
light is provided by the fluorescence phenomenon. Laser-

induced fluorescence (LIF) can be used for identifying ma
lignant tumors through specific spectroscopic features of 
endogenous tissue chromophores and tumor-seeking artifi
cial agents, such as porphyrins. This can help localize early 
cancer for treatment before the disease becomes more wide
spread and more difficult to manage. 

Transluminal angioplasty for treatment of cardiovascu
lar disease is an attractive alternative to more dramatic pro
cedures such as open-heart bypass operations. Laser ablation 
can be expected to become safer when performed wi th spec
troscopic guidance. Fluorescence diagnostics mainly per
tains to thin superficial layers because of the l imited optical 
penetration i n tissue. Opt ical transillumination using red or 
near-IR radiation has diagnostic potential, but has been ham
pered by the heavy mult iple scattering i n tissue. Image blur
r i n g can be reduced b y us ing time-gated techniques. 
Mammographic methods without using ioniz ing radiation 
are under development. 

This article is a brief review of some of these new optical 
tissue diagnostic techniques. M a n y interdisciplinary groups 
have been formed i n wh ich physicians and physicists work 
together, leading to a rapid advancement of the field. (Many 
aspects of optical techniques i n medicine were covered i n a 
recent special issue of the IEEE Journal of Quantum Electron
ics,1 where our own work i n the field of cancer, atherosclero
sis, and transillumination is also presented.2) 

M A L I G N A N T T U M O R D I A G N O S T I C S 

It has long been known that certain agents are selectively 
retained i n tumor tissue. Tumor localization of sensitizing 
molecules can be used for a double purpose: for tumor local
ization using LIF and for tumor treatment through photody
namic therapy (PDT). Presently, the agent Photofrin, which is 
a hematoporphyrin derivative, is the only one i n widespread 
exploratory clinical use. A n intensive search for new and 
more optimal sensitizers is ongoing and agents belonging to 
the classes of bensoporhyrins, pthalocyanines, chlorines, and 
purpurins are being investigated i n animal experiments and 
i n early clinical work. Most aspects of photosensitizers in the 
management of cancer are treated i n a recent book. 3 

For LIF diagnosis, a convenient excitation source is a 
small , sealed-off nitrogen laser (337 nm), either used directly 
or pumping a dye laser generating radiation at, e.g., 405 nm, 
wh ich corresponds to the ma in absorption band of porphy
rins. The radiation is transmitted through a quartz fiber, 
wh ich can be brought through the biopsy channel of an 
endoscope to be placed i n contact wi th the tissue to be 
diagnosed. LIF is collected by the same fiber and is brought 
back to the entrance slit of a small monochromator equipped 
w i t h an intensified diode array detector, capturing the ful l 
spectrum i n each laser shot. 

Us ing such or similar equipment, our group and others 
have performed extensive spectral studies for diagnostic 
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