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length range typically propagates for several 
centimeters because of the low absorption of 
NIR photons by tissue [2]. However, by mov-
ing deeper into tissue, the effects of photon 
scattering become very strong and deteriorate 
imaging performance even if sufficient pen-
etration is achieved. For typical tissues, light 
loses its directionality in the depth range of 
0.5–1 mm [3]. This characteristic of light re-
stricts high-resolution optical methods, such 
as multiphoton microscopy, to within these 
depths. However, tomographic techniques, 
including optical tomography using diffusive 
photons, optoacoustic tomography, and hybrid 
methods, provide meaningful images regard-
less. In the case of optoacoustics, high-resolu-
tion deep tissue imaging is possible.

Visualization of endogenous tissue contrast, 
such as hemoglobin concentration, oxygenation, 
and blood vessel structures, can be achieved 
with relatively few regulatory hurdles, but the 
significant costs associated with the approval 
of exogenously administered agents have, to 
date, limited their clinical translation despite 
potential benefits. Although there is no optical 
agent with molecular specificity that has been 
approved for routine clinical use, exploratory 
trials have been initiated that, if successful, 
may lead to an important departure from cur-
rent optical imaging in clinical practice. In addi-
tion, induced tissue autofluorescence approach-
es have shown advanced clinical potential [4, 
5]. Preclinically, a number of optically labeled 
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S
everal factors motivate the transla-
tion of optical imaging techniques. 
Advanced optical imaging could 
improve on the limitations of clini-

cal decision making based on visual inspec-
tion—for example, decisions made by surgeons 
in the operating room. Human vision is not suit-
ed for seeing under the tissue surface and has 
difficulties distinguishing small clusters of cells 
or detecting molecular processes associated 
with disease. Traditional radiologic modalities 
including MRI and CT that rely on large devic-
es are often not applicable in situations in which 
continuous access to the patient is required; 
again, an operating room is a good example. In-
strumentation for optical imaging, on the other 
hand, is relatively inexpensive, simple, and por-
table and could be readily disseminated in en-
doscopic or surgical suites and beyond. Detec-
tion is generally highly sensitive: Fluorescence 
can be detected at subpicomole concentrations, 
and optoacoustics has a high sensitivity for de-
tecting endogenous chromophores, such as he-
moglobin or melanin, and a variety of photoab-
sorbing nanoparticles [1]. The multispectral 
capabilities of optical imaging allow multiple 
different molecules and probes to be concur-
rently resolved, potentially providing multi-
plexed information on tissue biomarkers.

The near-infrared (NIR) part of the light 
spectrum, particularly 650–900 nm, has been 
extensively considered for in vivo tissue im-
aging applications because light in this wave-
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OBJECTIVE. Optical imaging is experiencing significant technologic advances. Simul-
taneously, an array of specific optical imaging agents has brought new capabilities to bio-
medical research and is edging toward clinical use. We review progress in the translation of 
macroscopic optical imaging—including fluorescence-guided surgery and endoscopy, intra-
vascular fluorescence imaging, diffuse fluorescence and optical tomography, and multispec-
tral optoacoustics (photoacoustics)—for applications ranging from tumor resection and as-
sessment of atherosclerotic plaques to dermatologic and breast examinations.

CONCLUSION. Optical imaging could play a major role in the move from imaging of struc-
ture and morphology to the visualization of the individual biologic processes underlying disease 
and could, therefore, contribute to more accurate diagnostics and improved treatment efficacy.
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ligands have been confirmed for in vivo im-
aging in animal models. Typical labels used 
are small-molecule fluorescent dyes; howev-
er, a range of nanoparticles have also been con-
sidered for fluorescence and optoacoustic appli-
cations (e.g., quantum dots, gold nanorods, or 
carbon nanotubes). In the case of inorganic 
nanoparticles, much debate remains about the 
potential for clinical translation because of 
toxicity concerns [6]. Other technologies for 
generating optical contrast include agents 
that modify an optical parameter on interac-
tion with a biologic target—for example, the 
activation of quenched fluorescent dyes after 
molecular modification of the probe by an en-
zyme, which has been used to visualize pro-
tease upregulation in atherosclerotic plaques 
[7, 8]. The prospect of such agents gaining 
clinical approval shifts the outlook for trans-
lational optical imaging.

In this article, we concentrate on recent opti-
cal technologies that have shown potential for 
clinical use. We discuss the emerging field of 
fluorescence-guided surgery and the potential 
of intravascular fluorescence imaging for as-
sessing biomarkers in atherosclerosis. Tomo-
graphic techniques that allow imaging deeper 
in tissue, offering quantitative volumetric op-
tical imaging, are also reviewed. Finally, the 
clinical potential of optoacoustic (photoacous-
tic) methods is also discussed; in particular, 
we discuss multispectral optoacoustic imag-
ing, an emerging modality that offers high-res-
olution optical imaging through several milli-
meters to centimeters in tissue.

Fluorescence Imaging in Surgery  
and Endoscopy

For centuries, surgeons have relied on their 
vision and tactile information for distinguishing 
between tissue types—for example, in differen-
tiating tumors from healthy surrounding tissue. 
However, human vision provides low contrast: 
Hemoglobin and tissue scattering dominate the 
visual appearance. Using fluorescent agents has 
therefore gained attention for enhancing surgi-
cal vision and guiding the surgeon toward iden-
tification of sentinel lymph nodes and more 
accurate tumor delineation. Specialized, high-
ly sensitive camera systems with appropriate 
illumination to excite the fluorochromes as well 
as suitable emission filters are required. Several 
of these systems have been developed and, in 
general, allow the fluorescence distribution to 
be displayed in real time over a color or black-
and-white video [9–11] (Fig. 1A). 

Animal studies have shown the added val-
ue of fluorescence guidance during surgery in 

models of breast cancer [12], ischemic bow-
el disease [13] (Fig. 1B), and several other 
applications. In humans, progress has been 
slowed by the lack of approved specific flu-
orescent agents. A large body of work has, 
however, been conducted using indocyanine 
green (ICG), an approved NIR dye, for sur-
gical guidance in humans; this work started 
with lymphatic mapping [14–16] and now in-
cludes liver cancer enhancement facilitated 
by accumulation of ICG around tumors as a 
result of biliary excretion disorders [17]. En-
doscopic examination of superficial gastric 
tumors has been aided by passive accumula-
tion of ICG [18, 19]. 

The most advanced approaches in terms of 
clinical trials are those that apply aminolevu-
linic acid (ALA) to enhance the generation of 
porphyrin in tumors, which provides visible 
fluorescence. ALA has been applied for fluo-
rescence cystoscopy and guided resection in 
patients with bladder cancer [5] and has been 
reported to improve recurrence rates after 12 
months, from 47% with white light to 31% us-
ing fluorescence in 145 patients [20], and to 
achieve a higher rate of carcinoma in situ de-
tection, 87% versus 75% in 174 patients with 
detectable lesions [21]. The same principle has 
been applied in neurosurgery to cause malig-
nant gliomas to fluoresce during operations [4] 
(Fig. 1C). A study of 322 patients reported in 
2006 showed a much higher 6-month progres-
sion-free survival using fluorescence-guided 
surgery (41.0% vs 21.1% with only white light) 
[22]. However, the use of active tumor-target-
ing agents is widely considered to be a prereq-
uisite for fluorescence-guided surgery to have a 
broader clinical impact [23]. Recently, the first 
study using a tumor-targeted fluorescent agent 
intraoperatively, folate–fluorescein isothiocya-
nate (folate-FITC), for ovarian cancer patients 
was reported [24]. The agent was administered 
IV and targeted the folate receptor–α, which is 
overexpressed by 90–95% of human epithelial 
ovarian cancers. The study found that selected 
representative fluorescence images of peritone-
al metastases allowed surgeons to find, on av-
erage, 34 tumor spots against seven in regular 
color images (Figs. 1D and 1E). Although the 
fluorochrome applied in that study, FITC, emits 
light in the visible spectrum and does not there-
fore allow imaging beyond the tissue surface, 
this breakthrough points to further such studies 
in the future.

There are limitations involved in fluores-
cence-guided surgery. In lymphatic mapping, 
the use of NIR agents such as ICG enables 
imaging several millimeters below the skin 

surface; however, the use of radioisotopes 
provides much greater depth penetration. Ad-
ditionally, there are concerns about the quanti-
fication of fluorescence signals because varia-
tions in tissue absorption properties can have 
an effect on the detected fluorescence intensi-
ty, biasing the data sampled toward low-atten-
uating lesions. The issue of medical accuracy 
becomes important, in particular, for compari-
son of data reported in multicenter clinical tri-
als and data submitted to regulatory agencies. 
Efforts to deal with this issue using correction 
approaches based on multispectral imaging 
are a topic of ongoing investigation [11, 25].

Overall, the promise of fluorescence-guid-
ed surgery, a fast-growing field of research, is 
vast: fewer cases with positive tumor margins, 
improved sensitivity of metastasis detection, 
more accurate intraoperative assessment of 
tissue viability, and so on. The technique can 
similarly bring benefits to endoscopic proce-
dures—for example, in colonoscopy, bron-
choscopy, and esophageal imaging.

Intravascular Fluorescence Imaging
Several imaging techniques can be ap-

plied to assess the structure of atherosclerotic 
plaques, but few are able to depict the molecu-
lar aspects of the key biologic processes that 
lead to complications [26]. NIR fluorescence 
imaging has the potential to reveal inflamma-
tory and other atherosclerotic biomarkers in 
vivo. Because affected arteries such as the cor-
onaries or the carotids are generally not acces-
sible to noninvasive optical techniques, opti-
cal imaging of atherosclerosis involves optical 
fiber–based catheter systems (Fig. 2A) com-
parable to intravascular ultrasound. An ini-
tial study in rabbits in 2008 showed the poten-
tial of such methods in detecting fluorescence 
signals originating from a protease-activat-
ed agent in inflamed plaques [27]. Although 
the system implementation used in that study 
was limited to displaying one-dimensional 
signals, the data were convincing, showing a 
558% greater peak NIR fluorescence signal in 
plaques compared with control subjects. Fur-
ther technical developments, coupled with 
new rabbit studies, have achieved 2D imag-
ing of the arterial wall to show inflammation 
in plaques and stent-induced injury [28] (Figs. 
2B–2D) and have applied optical frequency 
domain imaging to allow simultaneous micro-
structural characterization [29] (Fig. 2E).

A limiting factor for intravascular fluores-
cence imaging remains the lack of clinically 
approved agents for molecular imaging, al-
though some interest has been shown in studies 
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reporting ICG uptake in lipid-rich plaques [30]. 
Overall, the ability to assess the vulnerability of 
atherosclerotic plaques by visualizing the un-
derlying biologic processes with intravascular 
fluorescence imaging could be of great value in 
future clinical diagnostics. Progress in clinical 
translation of agents for fluorescence-guided 
surgery could also benefit intravascular im-
aging and diagnostics for atherosclerosis in 
general because some biologic processes are 
of interest in both cases.

Diffuse Optical and Fluorescence 
Tomography

To penetrate deeper than surgical, endoscop-
ic, and intravascular imaging, tomograph-
ic approaches using fully diffusive photons 
have been investigated. In this case, the tissue 
is typically sequentially illuminated at a multi-
tude of surface points, and the diffusive pho-
tons that emanate are measured in parallel at 
various positions (projections). Photon prop-
agation through the tissue of interest is mod-
eled, typically using a solution to the diffusion 
equation, and appropriate inversion schemes 
are applied to obtain quantitative images. This 
general scheme can equally apply to resolving 
optical attenuation (absorption, scattering) or 
fluorescence biodistribution.

Early work in the field of macroscopic opti-
cal tomography was performed in the domain 
of breast imaging aimed at cancer diagnosis. By 
performing concurrent MRI and diffuse optical 
tomography with ICG injection of breast can-
cer patients in 2000, it was shown that lesions 
could be identified by the absorption enhance-
ment provided by the agent [31]. Later work in 
the same direction added spectroscopic capabil-
ities by multiwavelength illumination, provid-
ing maps of hemoglobin oxygenation and oth-
er chromophore signatures through the breast 
[32] (Fig. 3). By this time, information from the 
MRI volumes was being applied to improve the 
reconstruction accuracy of the optical images, 
resulting in true hybrid imaging. A subsequent 
diffuse optical imaging study of 23 breast can-
cer patients found a correlation between neo-
adjuvant chemotherapy response and oxyhe-
moglobin signatures: A statistically significant 
increase in oxyhemoglobin on day 1 after the 
first infusion was found in responding tumors 
compared with no increase in nonrespond-
ing tumors [33]. A separate but similar study 
of 11 patients found that total tissue hemoglo-
bin as measured by the same method could pre-
dict complete compared with partial patholog-
ic response on the basis of decreased values 
[34]. Further applications of tomographic opti-

cal techniques include imaging of rheumatoid 
arthritis; a recent study reporting results of 99 
arthritic patients showed possible sensitivities 
and specificities of more than 85% using only 
endogenous absorption contrast [35]. There is 
also significant interest in the application of dif-
fuse optical tomography to neuroimaging—for 
example, in the study of functional connectivity 
for diagnostic purposes in preterm infants [36].

Fluorescent molecular tomography of mice 
was also developed to volumetrically im-
age fluorescence probes in vivo and provid-
ed quantitative 3D imaging of protease activ-
ity in tumors [37], macrophage infiltration in 
myocardial infarction [38], and a range of oth-
er targets of interest in biomedical research. 
More recent efforts have focused on combin-
ing fluorescent molecular tomography with 
modalities such as CT or MRI to provide an-
atomic reference as well as improved recon-
struction accuracy [39–41].

Despite early clinical demonstration of opti-
cal tomographic methods, propagation into the 
clinic has been slow. However, the technologic 
capabilities are proven, and if combined with 
optical molecular agents, they may bring new 
performance in tackling unmet clinical need.

Multispectral Optoacoustic Imaging
The performance of all purely optical meth-

ods is limited by photon scattering, which 
complicates the accuracy in image formation 
and degrades spatial resolution in deep tissue. 
In response, optoacoustic methods have been 
considered for optical imaging in biomedi-
cine. Optoacoustic imaging is not affected by 
the photon-scattering barrier: Absorption of 
light can be resolved by means of ultrasound 
waves emitted as a result of local thermal ex-
pansion at the site of each absorber. In other 
words, optoacoustic images display optical 
contrast at ultrasound resolutions. Because ul-
trasound scatters orders of magnitude less than 
light in tissue, when clinically relevant ultra-
sonic frequencies are used, high spatial resolu-
tions can be preserved through millimeters to 
centimeters of penetration. Optoacoustic spec-
troscopy and simple imaging have been per-
formed since the late 1970s [42–44]; however, 
it is only recently that significant attention has 
been given to optoacoustics as an alternative 
to current optical imaging methods [45–48]. 
Implementations commonly combine diffu-
sive illumination with ultrasound detection at 
multiple positions around the subject, either 
by mechanical scanning or by detection arrays 
such as those used in conventional ultrasound 
imaging (Fig. 4C). This detection parallelism 

has been exploited to provide high-rate, real-
time visualization (e.g., kidney perfusion [49] 
[Fig. 4A], tumor perfusion [50], or heartbeat 
[51]) that enables dynamic imaging; the ease 
of use could be important in many clinical ap-
plications. The penetration depth can be traded 
off against spatial resolution by changing the 
frequency of the ultrasound detectors, pro-
viding high resolution of small, superficial 
FOVs, or coarser spatial resolution of larger 
FOVs in deeper tissue. 

The utilization of multiple illumination 
wavelengths in optoacoustic imaging, often 
referred to as “multispectral optoacoustic to-
mography” or “MSOT,” enables the specific 
identification of detected absorbers in the tis-
sue by means of their unique spectral signa-
tures. Hemoglobin is a dominant absorber of 
light in tissue, so it provides a method not 
only to resolve blood vessels without exoge-
nous labels, but also to characterize the oxy-
genation saturation inside those vessels be-
cause oxyhemoglobin and deoxyhemoglobin 
display significantly different optical absorp-
tion spectra. Such functional imaging has 
been performed on small animals in a number 
of studies at scales ranging from the micro-
scopic [52] (Fig. 4B) to penetration depths of 
several millimeters [50]. 

Additional endogenous sources of opti-
cal absorption are melanin, of much interest 
in melanoma imaging of primary tumors [53] 
and metastases [54], and lipids, an important 
target in the characterization of atherosclerot-
ic plaques [55, 56]. Exogenous agents suitable 
for optoacoustic imaging should display a suf-
ficiently high optical absorption to be detected 
inside tissue. These agents range from simple 
organic dyes, including clinically approved 
ICG [49, 57], to experimental light-absorbing 
nanoparticles such as carbon nanotubes [58], 
gold nanorods [59, 60], and gold nanospheres 
[61]. In most of these cases, the addition of 
targeting mechanisms is possible.

Although optoacoustic imaging has to date 
most commonly been performed on small an-
imals, clinical applications, in particular those 
involving breast cancer imaging, have been 
considered since the 1990s [45]. Preliminary 
investigations, typically performed at a single 
wavelength, of patients with suspected breast 
cancer have considered lesion detection based 
on increased absorption due to tumor vascu-
lature [62, 63]. In addition, handheld systems 
for noninvasive lymphatic mapping are under 
development [64]. Intravascular optoacoustic 
catheters have been tested on arteries ex vivo 
to capitalize on the ability to detect lipids [55, 
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56]. Real-time optoacoustic imaging with 3D 
vascular mapping of the human arm has been 
reported [65] (Fig. 4D); this modality, if com-
bined with multispectral oxygenation mea-
surements, could be highly valuable in char-
acterization of peripheral vascular disease. At 
a smaller scale, optoacoustic microscopy has 
been applied to imaging of cutaneous micro-
vasculature in humans [66], which will surely 
be extended to studies of suspected melanoma 
in the near future.

Because optoacoustic imaging is a relatively 
new modality, it is difficult to assess the clinical 
impact that it will have. The natural sensitivity 
to hemoglobin suggests that it will find appli-
cations in label-free vascular imaging, wheth-
er for assessing functional parameters of tumor 
vasculature or aspects of cardiovascular dis-
ease. This ability to provide meaningful imag-
es without the use of exogenous contrast agents 
could accelerate translation compared with flu-
orescence imaging methods, where approval 
for targeted agents is a prerequisite. On the oth-
er hand, there is great interest in the develop-
ment of novel molecular agents specifically for 
optoacoustic imaging, some of which could 
ultimately make their way into the clinics.

Discussion
Optical imaging could expand clinical vi-

sion, from views of morphology provided by 
current radiologic approaches (e.g., CT, MRI) 
to visualization of the biologic processes un-
derlying disease, and in many cases could con-
veniently provide images easily relatable to the 
tissue of interest during surgical or other pro-
cedures. There is a large range of potential 
clinical uses and applications for optical imag-
ing. Compared with past attempts, significant 
technologic progress has been achieved—both 
with systems and with engineered contrast me-
dia using optical molecular agents—that brings 
these new concepts closer to practical clini-
cal translation. Fluorescence-guided surgery 
promises improved outcomes in cancer pa-
tients and more accurate judgment of tissue vi-
ability during operations. Intravascular optical 
imaging has shown the potential to probe the 
underlying biology in inflamed atherosclerotic 
plaques and stent-induced injury. Applications 
could expand more generally to endoscopic 
approaches, including imaging of the gastro-
intestinal tract [67]. Diffuse optical tomogra-
phy could provide improved, simpler diagnosis 
or “theranostics” of breast cancer and diseases 
of the extremities, such as arthritis. Multispec-
tral optoacoustic tomography promises deep 
tissue optical imaging at higher resolutions 

than previously possible and could find appli-
cation in dermatology, examination of lymph 
nodes and breasts, and vascular disease. All of 
these methods stand to benefit from progress 
in the development of highly specific molecu-
lar optical imaging agents that are ubiquitous 
in biomedical research and are now starting to 
find experimental clinical use. Overall, optical 
imaging could play a major role in the move 
from imaging of structure and morphology to 
the visualization of the individual biologic pro-
cesses underlying disease and could, therefore, 
contribute to more accurate diagnostics and 
improved treatment efficacy.
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Fig. 1—Fluorescence-guided surgery. 
A, Diagram shows multispectral camera system that is used for fluorescence-guided surgery. CCD = charge-coupled device. (Reprinted with permission from Macmillan 
Publishers Ltd.: Nature Medicine [24], copyright 2011) 
B, Photographic images of small bowel from pig. Top image was obtained before clamp was placed and bottom image was obtained after clamp was placed. Green 
overlay shows near-infrared fluorescence signal from indocyanine green. Arrowheads indicate ischemic region. (Reprinted with permission from John Wiley and Sons 
[13]: Matsui A, Winer JH, Laurence RG, Frangioni JV. Predicting the Survival of Experimental Ischaemic Small Bowel Using Intraoperative Near-Infrared Fluorescence 
Angiography. Br J Surg 2011; 98:1725–1734) 
C, Intraoperative photographs of brain tumor cavity after administration of 5-aminolevulinic acid under normal white light (left) and under violet-blue illumination (right). 
(Reprinted with permission from the American Association of Neurological Surgeons [68]: Stummer W, Novotny A, Stepp H, Goetz C, Bise K, Reulen HJ. Fluorescence-
guided resection of glioblastoma multiforme by using 5-aminolevulinic acid-induced porphyrins: a prospective study in 52 consecutive patients. J Neurosurg 2000; 
93:1003–1013)

(Fig. 1 continues on next page)
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Fig. 1 (continued)—Fluorescence-guided surgery. 
D, Color photographic image (left) and corresponding fluorescence image (right) after injection of tumor-
targeting folate–fluorescein isothiocyanate. (Reprinted with permission from Macmillan Publishers Ltd.: Nature 
Medicine [24], copyright 2011)
E, Graph shows scoring based on three different pairs of color and fluorescence images by five independent 
surgeons asked to count number of visible tumor spots. (Reprinted with permission from Macmillan Publishers 
Ltd.: Nature Medicine [24], copyright 2011)

Fig. 2—Intravascular fluorescence imaging. 
A, Illustration shows fluorescence catheter system. 
PMT = photomultiplier tube. (Reprinted from the 
Journal of the American College of Cardiology, Vol. 
57/edition 25. Jaffer FA, Calfon MA, Rosenthal A, 
et al. Two-Dimensional Intravascular Near-Infrared 
Fluorescence Molecular Imaging of Inflammation in 
Atherosclerosis and Stent-Induced Vascular Injury. 
Pages 2516–2526, Copyright 2011, with permission 
from Elsevier)
B, Imaging of inflamed atheroma in rabbit. 
Longitudinal intravascular ultrasound image of 
abdominal aortoiliac arteries shows plaques labeled 
P1 and P2 (arrowheads). (Reprinted from the Journal 
of the American College of Cardiology, Vol. 57/
edition 25. Jaffer FA, Calfon MA, Rosenthal A, et 
al. Two-Dimensional Intravascular Near-Infrared 
Fluorescence Molecular Imaging of Inflammation in 
Atherosclerosis and Stent-Induced Vascular Injury. 
Pages 2516–2526, Copyright 2011, with permission 
from Elsevier)
C, Imaging of inflamed atheroma in rabbit (same as 
that shown in B). Near-infrared (NIR) fluorescence 
image (top) of catheter pullback aligned with 
intravascular ultrasound image shows signal from 
protease-activated agent originating in plaques. 
Signal intensity shown in top image is plotted in 
one-dimensional graph (bottom). (Reprinted from the 
Journal of the American College of Cardiology, Vol. 
57/edition 25. Jaffer FA, Calfon MA, Rosenthal A, 
et al. Two-Dimensional Intravascular Near-Infrared 
Fluorescence Molecular Imaging of Inflammation in 
Atherosclerosis and Stent-Induced Vascular Injury. 
Pages 2516–2526, Copyright 2011, with permission 
from Elsevier)

(Fig. 2 continues on next page)
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D

A

B

E
Fig. 2 (continued)—Intravascular fluorescence imaging. 
D, Imaging of inflamed atheroma in rabbit model (same as that shown in B and C). Longitudinal superimposed 
intravascular ultrasound image and NIR fluorescence image are shown. Yellow and white represent highest 
NIR fluorescence intensity. (Reprinted from the Journal of the American College of Cardiology, Vol. 57/edition 
25. Jaffer FA, Calfon MA, Rosenthal A, et al. Two-Dimensional Intravascular Near-Infrared Fluorescence 
Molecular Imaging of Inflammation in Atherosclerosis and Stent-Induced Vascular Injury. Pages 2516–2526, 
Copyright 2011, with permission from Elsevier)
E, Stented right iliac artery in rabbit. Image is example of merge of optical frequency domain imaging, which 
allows microstructural visualization of stent, and NIR fluorescence signal originating from fluorescent fibrin 
with which stent was coated. Red = artery wall, white = stent, yellow = NIR fluorescence fibrin. Scale: 500 μm. 
(Reprinted with permission from MacMillan Publishers Ltd.: Nature Medicine [29], copyright 2011)

Fig. 3—Multispectral diffuse optical tomography for breast imaging. 
A, Left photograph shows clinical MRI unit combined with optical fiber–based diffuse optical tomographic breast imager. Right photograph shows fiber orientation 
around breast. 
B, Representative results from healthy breast. Images are shown from left to right as follows: axial and coronal T1-weighted MR images and diffuse optical tomographic 
images of total hemoglobin concentration map (HbT), hemoglobin oxygen saturation (StO2), water fraction (H2O), optical scattering amplitude (A), and scattering power 
(SP). (Reprinted with permission from [32]; copyright 2006 National Academy of Sciences, U.S.A.)
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Fig. 4—Optoacoustic imaging. 
A, Real-time optoacoustic tomography sequence show indocyanine green via differential absorption as it enters kidneys of mouse. 
B, Multispectral optoacoustic microscopy images (left) show microvasculature in region of early stage glioblastoma (GT) mouse model.  z = catheter pullback distance.
Functional images (right) show hemoglobin oxygenation saturation (sO2) in artery-vein pair that supports tumor, indicated by arrows in images on left. (Reprinted with 
permission from [69]: Yao J, Maslov KI, Zhang Y, Xia Y, Wang LV. Label-Free Oxygen-Metabolic Photoacoustic Microscopy In Vivo. J Biomed Opt 2011; 16:076003)
C, Photograph shows typical handheld optoacoustic imaging system for experimental clinical use. Main components of system are ultrasound transducer array and optical 
fiber bundle for delivery of excitation light. 
D, Map of blood vessels (arrows) in human arm that was produced by handheld optoacoustic imaging system. (Reprinted with permission from [65]: Fronheiser MP, 
Ermilov SA, Brecht HP, et al. Real-time optoacoustic monitoring and three-dimensional mapping of a human arm vasculature. J Biomed Opt  2010; 15:021305)
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