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Abstract. To grow and progress, solid tumors develop a vascular net-
work through co-option and angiogenesis that is characterized by
multiple structural and functional abnormalities, which negatively in-
fluence therapeutic outcome through direct and indirect mechanisms.
As such, the morphology and function of tumor blood vessels, plus
their response to different treatments, are a vital and active area of
biological research. Intravital microscopy �IVM� has played a key role
in studies of tumor angiogenesis, and ongoing developments in mo-
lecular probes, imaging techniques, and postimage analysis methods
have ensured its continued and widespread use. In this review we
discuss some of the primary advantages and disadvantages of IVM
approaches and describe recent technological advances in optical mi-
croscopy �e.g., confocal microscopy, multiphoton microscopy, hyper-
spectral imaging, and optical coherence tomography� with examples
of their application to studies of tumor angiogenesis. © 2010 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3281674�

Keywords: intravital microscopy; optical imaging; window chamber; tumor
microcirculation; angiogenesis; vascular targeting.
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Biological Significance of Tumor
Microcirculation

t is a well-established concept that the continued growth and
rogression of a tumor is dependent on the development of a
ascular network to supply oxygen and nutrients.1 Tumors
evelop a vascular network through co-option of the sur-
ounding normal vasculature and/or angiogenesis—the devel-
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RX, UK. Tel: 44�0�114 271 2423; Fax: 44�0�114 271 3314; E-mail:
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opment of neovasculature from preexisting vessels.2,3 The
blood vessels formed by these processes are characterized by
multiple structural and functional abnormalities, including tor-
tuous vascular networks, neovascular shunts, blind ends,
plasma channels, and temporally as well as spatially hetero-
geneous blood flow.4–9 These abnormalities result in tumor
regions with poor delivery of oxygen and nutrients, resulting
in hypoxia and low pH, as well as high vascular permeability
and microvessel resistance, which contribute to elevated tu-
mor interstitial fluid pressure �IFP�.10,11 Tumor hypoxia, acid-
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ty, and IFP have been related to disease progression and ad-
erse therapeutic outcome.12,13 In addition to the clinical
mpact of these indirect features of tumor vascular abnormali-
ies, tumor vessel density has been directly related to a poor
rognosis in multiple studies.14–17 The key requirement for
umor angiogenesis in tumor progression, coupled with its
linical significance, highlight the tumor vasculature as a po-
ential biomarker of disease status and exploitable therapeutic
arget. Thus, to take full advantage of the tumor vasculature as

target, it is necessary to understand the processes involved
n tumor vascularization, the structural and functional abnor-

alities that characterize tumor vessels, and their response to
herapy. A large part of what is known to date from in vivo
tudies has been uncovered using optical imaging, more spe-
ifically intravital microscopy �IVM�. We discuss some of the
ifferent IVM approaches—what has been shown to date, and
urrent and future applications of optical imaging in tumor
ngiogenesis.

Optical Imaging and Intravital Microscopy
ptical imaging describes the use of the visible spectrum ex-

ended to include ultraviolet and near infrared
�300 to 1300 nm� light imaging. Macroscopic biolumines-
ence and fluorescence techniques are becoming common-
lace in cancer research for in vivo studies of the tumor mi-
roenvironment, particularly induction of and changes in
ypoxia and tumor cell metastasis/invasion.18–20 However,
icroscopic optical imaging of tumors in vivo �intravital
icroscopy or IVM� enables high resolution studies at a

ellular/subcellular level in real time, with applications in
linical as well as experimental animal research, via techno-
ogical advances such as microendoscopy.21,22 Recent ad-
ances in fluorescent/bioluminescent probes, microscopes and
ssociated filters, image acquisition, and analysis technology
ave ensured continued development of IVM as a valuable
esearch tool in the field of tumor angiogenesis and microcir-
ulation, permitting the study of tumor cell interactions with
troma/blood vessels,23,24 gene expression and vascular

a) b)

ig. 1 Fluorescent probes. �a� Multiphoton image of FITC-dextran lab
indow chamber �DSFC�. �b� A neonatal Kaede transgenic mouse �re

lower� photoconversion on exposure to ultraviolet light for 30, 60, o
onstitutively expressing mCherry growing in the DSFC of a transgeni
lood vessel walls. �d� Multiphoton image depicting the use of qua

maging of a MCaIV mammary tumor growing in the DSFC of a VEGF-
abeled blood vessels �QD470, blue� and VEGF-driven GFP expression
road excitation spectrum of the quantum dots �scale bar, 50 �m�.
ournal of Biomedical Optics 011113-2
function25,26 – blood supply27,28 and vascular permeability,29,30

among others.

3 Fluorescent Probes for Bioimaging
Many different types of probes are available for optical imag-
ing and IVM31,32 from fluorescent dyes33–35 to photoactivat-
able and photoswitchable fluorescent proteins32,36,37 �see
Fig. 1�.

Fluorescein isothyocyanate �FITC� is an organic fluores-
cent dye that continues to be widely used after several
decades.33,38 It has excitation and emission maxima at 488 and
520 nm, respectively, and demonstrates high fluorescence in-
tensity, but like many fluorophores, particularly organic ones,
is prone to photobleaching. This has led to the development of
synthetic dyes such as the Alexa-fluor dyes �Alexa-fluor 350,
488, 555, etc.� that demonstrate improved photostability
alongside high intensity. FITC can be conjugated to different
molecules. For instance, dextrans are polysaccharides com-
posed of glucose chains of varying lengths; consequently,
multiple molecular weight versions of FITC-dextran exist,
and can be used to provide valuable information on vascular
permeability through analysis of vascular leak.38

In addition, there are chemically sensitive derivatives
of FITC, such as the pH sensitive fluorochrome
2�, 7�-bis-�2-carboxyethyl�-5,6-carboxyfluorescein �BCECF�.
BCECF excitation occurs in a pH-dependent manner at wave-
lengths between 440 and 500 nm, and has been used to gen-
erate spatial and qualitative data on tumor pH.39 The fluores-
cence spectra of porphyrins are also pH sensitive, and
phosphorescence lifetime is oxygen sensitive, enabling el-
egant studies of the tumor microenvironment.40

Although useful, organic dyes have several limitations. In
addition to photobleaching, they generally exhibit broad emis-
sion spectra, which limit their capacity as dual markers of
different events/structures because of cross talk between the
dyes. Quantum dots represent a class of fluorescent nanocrys-
tals synthesized to have broad excitation peaks and sharp

d)

ood vessels in a murine fibrosarcoma growing in the dorsal skin fold
with kind permission from Tomura et al.141� before �upper� and after

ec. �c� Fluorescent image of human prostate carcinoma �PC3� tumor
GFP mouse. Tumor cells are red, and GFP expression is visible in the
ots �reprinted with kind permission from Stroh et al.42� in vascular
nsgenic mouse. The figure shows concurrent imaging of quantum dot

ivascular cells. Concurrent imaging at 850 nm was possible due to the
c)

eled bl
printed
r 90 s

c Tie2-
ntum d
GFP tra
in per
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mission peaks to overcome these limitations.35,41 They exist
n a range of colors, and generate bright fluorescence with
mproved photostability, making them less prone to pho-
obleaching, an important and desirable property for live im-
ging studies that might involve prolonged and repeated ex-
osure times. Stroh et al.42 exploited the broad excitation peak
f quantum dots to image MCaIV murine mammary tumor
asculature �following IV injection of quantum dots� and
erivascular cells simultaneously �VEGF-GFP transgenic
ice expressing VEGF-driven green fluorescent protein

GFP�� using the same wavelength �see Fig. 1�d��.
In recent years, fluorescent probes have been developed to

xploit a process known as Förster resonance energy transfer
FRET�. If two different fluorophores are located within the
örster radius �typically 10 nm� of each other and one has a
eak emission wavelength that is broadly the same as the peak
xcitation wavelength of the other �i.e., significant emission-
xcitation spectral overlap�, a nonradiating energy transfer
an occur �FRET�. The emission energy will transfer from the
rst fluorophore to the second non-radiatively. For example,
n exposure to indigo/blue light, a cyan fluorescent protein
CFP� molecule �the donor� in close proximity to a yellow
uorescent protein �YFP� molecule �the acceptor� will cause

he YFP to emit yellow light without having been exposed to
he green light normally required to excite its fluorescence.
his technique is used to demonstrate molecular interaction
nd colocalization, and has been used primarily for studies of
ells in vitro. However, Zhou et al.43 recently described in
ivo use of a FRET probe molecule consisting of eCFP linked
o Venus �a yellow fluorescent protein variant, see discussion
ater on�, with a sequence containing a caspase-3 cleavage
ite. They used this probe to monitor the dynamics of
aspase-3 activation induced by the action of the drug cispl-
tin and photodynamic therapy in tumors using FRET IVM.
n caspase-3 activation, the molecular link between the eCFP

nd Venus is broken and the FRET signal is lost. Similar
RET probes have been used, in mouse tumor models in vivo,

o investigate the activity and therapeutic targeting of matrix
etalloproteinases, enzymes intimately involved in

ngiogenesis.44

The discovery of green fluorescent protein �GFP� in
962,45,46 and the plethora of fluorescent proteins that have
een uncovered, refined, and synthesized since, has revolu-
ionized in vivo optical imaging. The literature available on
he use of GFP and other fluorescent proteins �BFP, CFP, YFP,
FP�32 is vast. The main use of these proteins is to fuse them

o genes of interest that in turn regulate their expression, so
hat fluorescence is used as a reporter of gene expression in
ivo, at multiple time points. IVM studies of tumors using
FP and similar proteins have primarily focused on tumor

ells transfected with the corresponding gene, under the con-
rol of a constitutively expressed viral promoter. This allows

icroscopic tracking of tumor cell proliferation and migration
atterns.47 Fluorescence of GFP does not require specific co-
actors but does depend on oxygen concentration,48 such that
ata need to be interpreted with caution. The potential for
uch large proteins to modify cell behavior is also a concern,
lthough several studies have demonstrated minimal effects of
FP in tumor cells on such properties as tumor progression

nd metastasis.49 Several fruit fluorescent proteins have been
ournal of Biomedical Optics 011113-3
developed more recently, which are mutants of a monomeric
mutant form of dsRed �mRFP1�. These proteins �e.g.,
mCherry and TdTomato� are potentially less disruptive than
GFP, and also provide a range of colors from yellow-orange
to red-orange, with improved quantum efficiency and
stability.50 To date these proteins have not been used in IVM
studies of tumors; however, their suitability for in vitro live
cell imaging studies has recently been explored,51 and it is
likely that newer gene expression vectors will be synthesized
to exploit their advantages.

Proteins demonstrating reversible and irreversible changes
to their spectral properties on exposure to specific optical
wavelengths have now been discovered and developed
through modification and refinement of existing fluorescent
proteins. These are referred to as photoactivatable �photoacti-
vated shift from low to high fluorescent intensity� or photo-
switchable �photoactivated shift in fluorescent color� fluores-
cent proteins �PAFP�.37,52

The first natural PAFP to be discovered was Kaede in
2002,53 which initially fluoresces green, but on exposure to
UV light undergoes an irreversible conversion to a red-
fluorescent form. In the same year, a photoactivatable mutant
version of GFP was synthesized, PA-GFP, exhibiting a
wavelength-specific conversion to an enhanced fluorescent
form.52,54 Dronpa and KFP1 exemplify reversible PAFPs.55,56

Dronpa, which fluoresces green, has the capacity for revers-
ible wavelength-specific bleaching,55 whereas KFP1 exhibits
both reversible and irreversible changes in fluorescent
expression—exposure to specific wavelengths can be used to
induce relatively short-lived bright red fluorescence that can
be quenched, or the exposure times or intensity can be in-
creased to stimulate irreversible “kindling” of red fluores-
cence that cannot be quenched and does not fade.56 Although
the potential of these proteins has yet to be fully explored,
they represent novel and highly useful tools. For example, the
idea of inducing an irreversible photoconversion in a cell
population of interest and then tracking that population, rela-
tive to new incoming cells that have not undergone photocon-
version, is an attractive one. Care needs to be taken because
new cells produced on cell division will express the fluores-
cent protein in its original form �e.g., Kaede�, thus diluting the
population of interest. Nonetheless, with careful planning
there is a wide scope for use of these proteins.

4 Dorsal Skin Fold Window Chamber
The dorsal skin fold window chamber model �DSFC� �see
Fig. 2� is an invaluable tool for IVM of tumor angiogenesis.57

It was originally developed in the rabbit ear in 192458 and
adapted for use in mice in 1943.59 The DSFC model in mouse
involves the surgical removal of a skin flap and associated
connective tissue and fat from the dorsum to provide optical
clarity. A metal chamber �usually aluminium or titanium�
holds the skin away from the mouse body, exposing the vas-
cularized layer of muscle and skin on the opposing side of the
flap or “window.” A tumor piece or tumor cells �often as a
spheroid or cell conglomerate� are placed onto, or injected
into, the exposed fascial plane and covered with a glass cov-
erslip. This process is described in detail by Koehl, Gaumann,
and Geissler.57 It should be noted that for larger animals �e.g.,
rat� that have thicker skin, the skin layers from both opposing
January/February 2010 � Vol. 15�1�
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ides of the flap are removed, thereby facilitating an improved
ptical path.60

The DSFC model enables repeated acquisition of spatial
nd temporal data from a growing tumor over periods of days
o weeks. Although there are also several disadvantages �tu-

ors are essentially subcutaneous and there are size restric-
ions due to the width and diameter of the chamber window,
hich exert high tissue pressures�, the model is widely appli-

able and has been used extensively in a range of different
odent models, enabling the use of syngeneic rodent tumor
ines in immunocompetent strains, as well as human xenograft
ines using immunocompromised strains such as nude and se-
ere combined immunodeficiency �SCID� mice.

It should be noted that although the DSFC model is the
ost extensively used, there are alternative preparations suit-

ble for IVM, the most similar of which is the cranial win-
ow, used to expose the brain34 and mammary window.61

ther models often require externalization of an organ and
hus sacrifice of the animal immediately on completion of
mage acquisition. Examples include the lung,62,63 pancreas,64

ammary fat pad,65 and mesentery.66

Intravital Microscope
here are several technical problems to overcome and welfare

ssues to address when using live animals for microscopy, i.e.,
ositioning and restraint of the mouse, physiological status of
he mouse, objective lens properties �sufficient magnification,
orking distance, and numerical aperture�, detector specifica-

ion, analysis software capabilities, and so on. A standard mi-
roscope stage cannot be used, but needs to be specially
odified to enable positioning of the mouse such that the
indow is locked in place. This generally involves the use of
specialized jig that restrains the mouse, with the window in

he correct position to be bolted securely to the stage. Further,
epending on the time frame of image acquisition, physiologi-
al parameters such as body temperature and blood pressure
eed to be monitored and maintained, necessitating the use of
heating blanket and/or heat lamp and temperature/blood

ressure probes and recording equipment for anesthetized ani-
als. Both general anesthesia and physical restraint can con-

ound data interpretation due to alterations in blood pressure
nd vasoactivity. Isofluorane is commonly considered the

a) b)

ig. 2 Dorsal skin fold window chamber �DSFC�. �a� A photograph i
xposed blood vessels on the fascial surface can be clearly seen. �b
ggregate �circled; murine fibrosarcoma�. �c� The same tumor shown
ournal of Biomedical Optics 011113-4
most appropriate general anesthetic for small rodents,67 al-
though constant infusion of a short-lived IV injectable anes-
thetic such as Propofol can also maintain a suitable anesthetic
depth for restraint.

Most IVM studies have to work around movement in the
specimen during data acquisition due to pulse, respiration,
peristalsis, muscle contraction etc. Without doubt the simplest
and most widely used solution to this problem is real-time
�video rate� data acquisition with a digital video �DV� camera
and images recorded onto tape or other storage media. The
major drawback with this approach is that DV cameras do not
normally have sufficient sensitivity for use with many fluo-
rescence applications although they are well-suited to trans-
mitted light microscopy. Wide-field fluorescence and Nipkow
disk-based confocal microscopes are normally used with
cooled charge-coupled device �CCD� cameras, which are
more sensitive. Recent further development of these has seen
the introduction of back-illuminated �also called back-
thinned� CCD cameras that have much higher quantum effi-
ciency and wider spectral response. When coupled to electron
multiplication �EM� technology, these detectors �EMCCD�
can achieve �90% quantum efficiency coupled with short-
noise-limited at video rate �25 to 30 frames /s�.68 Point scan-
ning laser confocal and multiphoton microscopes usually have
photomultiplier tube �PMT� detectors. Although these micro-
scopes are generally slow scanning and the detectors have
lower quantum efficiencies than cooled CCDs, nonetheless
these systems produce higher resolution images with better
contrast than wide-field systems provided that the specimen
can be kept still. Multiphoton microscopes do not require pin-
holes, so can benefit from the increased sensitivity of gallium
arsenide phosphide �GAsP� detectors in a nondescanned
�NDD� configuration. There are several recent reviews on
CCD sensors,69–72 and the books by Sluder and Wolf73,74

present a good introduction to cameras for microscopy.

6 Conventional Wide-Field Light Microscopy
6.1 Background
Early IVM studies were confined to conventional wide-field
light microscopy using transillumination �light transmitted
from the condenser through the tissue sample to the objective�
or epi-illumination �light reflected/emitted by the tissue

c)

1 mm 1 mm

n of a DSFC preparation on the rear dorsum of a SCID mouse. The
view of a DSFC window 1-day postimplantation with a tumor cell
later, nearly filling the window.
s show
� A full
6 days
January/February 2010 � Vol. 15�1�
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ample through the objective�. Basic fluorescent microscopy
ses mercury or xenon arc lamps in conjunction with specific
xcitation and emission filters and a dichroic mirror, which
plits the emission and excitation beams. Following exposure
o light of an appropriate wavelength, a single photon ab-
orbed by a fluorophore, either intrinsic or an extrinsic fluo-
escent dye/probe, enters an excited state. While excited,
ome energy is dissipated so when, after a few nanoseconds,
he fluorescent molecule returns to its ground state, a photon
f lower energy �and therefore longer wavelength� is emitted.
he difference between the excitation and emission wave-

ength maxima is called the Stokes shift.
Conventional microscopy has been the mainstay of IVM,

roviding morphological information on the tumor vascula-
ure �see Fig. 3�a�� such as vessel length, diameter, and
ranching patterns, and qualitative information on the leaki-
ess of blood vessels �hemorrhage�, as well as video record-
ngs of flowing blood �contrast provided by red cells under
ransillumination� and of vascular leak of exogenous fluores-
ent markers �epi-illumination�. Some of the earlier observa-
ions made using IVM to study tumors growing in chamber

odels demonstrated notable architectural and blood flow ab-
rrations that are now widely accepted to characterize tumor
asculature,75,76 e.g., inconsistency in microvessel size, com-
only with larger vessels located at the tumor periphery and

maller, more chaotic vessels toward the center. Dilated cap-
llary diameters varying along the length of abnormally long
apillaries were recorded, as well as intermittent or regur-
itant flow and temporary or permanent microvessel occlu-
ion by red cells.75,76 These observations have been strength-
ned by subsequent refinements and application of modern
mage analysis techniques.27,38,77–82

.2 Blood Flow and Vascular Permeability
patial and temporal heterogeneity of tumor blood flow are
ey contributory factors in the development of the patho-
hysiolgical tumor microenvironment. Measurement of red
ell velocity within individual tumor microvessels can be ob-
ained relatively easily in IVM by modern tracking
lgorithms.27 However, this measure is not directly related to
umor blood flow rate �volume of blood delivered to the cap-
llary network per unit volume of tissue per minute�, which
ictates oxygen and nutrient delivery to tissue. To estimate
issue blood flow rate, a common approach is to inject a con-
rast agent into the blood stream and measure its concentra-
ion time course in arterial blood �input function� and in the
issue of interest �tissue response function�. Blood flow rate is
hen estimated from a mathematical model relating the tissue
esponse function to the input function.83 Radiotracers are of-
en used as contrast agents, where measures of concentration
re easily obtainable. However, in optical imaging, where
ontrast is obtained from fluorescent agents, quantification of
uorescence intensity �to obtain relative measures of concen-

ration� is a nontrivial exercise. This is because measured
uorescence intensity is highly dependent on several factors

hat contribute to background and noise, in addition to con-
entration of the fluorophore. These factors arise from the
pecimen itself, e.g., stability of fluorescence; the microscope,
.g., spherical aberration; or the detector, e.g., low dynamic
ange.84 For these reasons, obtaining accurate estimates of tu-
ournal of Biomedical Optics 011113-5
mor blood flow rate by IVM is difficult. Nevertheless, tempo-
ral alterations in tumor blood supply have been measured85

using an elegant first-pass imaging technique first described
by Oye et al.28 This technique is based on the movement of
high molecular weight TRITC-dextran �155 KDa� from the

a)

b)

c)

d)

A

V

A

1 min 37 mins

57 mins 93 mins

Fig. 3 Images acquired using different microscopy techniques. �a�
Transillumination images of murine fibrosarcomas expressing single
VEGF isoforms �left is VEGF 120, and right is VEGF 188� growing in
the DSFC of SCID mice. Obvious differences in the vascular architec-
ture are apparent. �b� Multiphoton image of murine fibrosarcomas
expressing single VEGF isoforms �left is VEGF 120, and right is VEGF
188� following IV administration of FITC-dextran. Second harmonic
generation imaging shows collagen fibers �blue� between the vessels
�green� in the VEGF 120 tumors. �c� Multiphoton 3-D images of a P22
rat sarcoma growing in the DSFC of BDIX rats following IV adminis-
tration of FITC-dextran. Four sequential images are shown. The time
postinjection is indicated next to each figure, demonstrating vascular
leak over time. �d� Transillumination vascular image �left�, with adja-
cent oxyhemaglobin saturation overlay derived from hyperspectral
imaging �right� of vasculature in a nontumor-bearing DSFC of a SCID
mouse �scale bar, 1 mm�. The right-hand axis depicts oxygen satura-
tion from 0 to 100%.
January/February 2010 � Vol. 15�1�
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ain tumor supplying artery through the tumor vascular net-
ork to the main tumor draining vein, visualized using fluo-

escence IVM to acquire high-frame-rate videos of the fluo-
escent marker postinjection. A semiquantitative measurement
f tumor blood flow was then obtained through examination
f fluorescence intensity versus time curves plotted for mul-
iple regions of interest �representing multiple tumor
essels�.28 Repetition of this process over 20-min time inter-
als within the same tumors demonstrated substantial hetero-
eneity in blood supply over time in A-07 human melanoma
umors.85

Vascular permeability of tumor blood vessels has been
idely studied using IVM. This is because the vascular wall

epresents a barrier to delivery of high molecular weight an-
icancer agents86; an increase in tumor vascular permeability
s an early indicator of vascular damage induced by tumor
ascular damaging agents87; and high vascular permeability is
n important characteristic of tumors, with established links to
umor angiogenesis, progression, and poor therapeutic
utcome.12,13,86 The classic methodology for examining tumor
icrovascular permeability is to analyze the clearance kinet-

cs of a fluorescently labeled molecule �usually BSA or dext-
an� from the blood vessels to the interstitium following in-
ravenous injection.34,88,89 The high spatial resolution of IVM
llows fluorescence intensity to be measured within and im-
ediately outside individual microvessels, which is an advan-

age over radiotracer methods for estimating vascular perme-
bility but with the same limitations for quantification of
uorescence intensity, as described before. High molecular
eight labeled molecules are chosen to mimic leak of plasma
roteins and to provide a relatively low leakage rate, as most
alculations of vascular permeability use mathematical mod-
ls that are based on unidirectional transport across the vas-
ular wall.29 Elevated tumor vascular permeability has been
emonstrated in multiple tumor models using this approach,
lthough methods of analysis have varied.90–92 Furthermore,
ore specific features of vascular permeability, such as the

nherent variability between different tumor models34 and in-
reased vascular pore sizes,88,93 have been shown through
imilar methods. 3-D imaging of fluorescence, especially us-
ng multiphoton fluorescence techniques, has significantly
ided quantification of fluorescence intensity. Although they
re not currently suitable for tracking fast kinetics �e.g., blood
ow�, these techniques have been applied to estimation of
ascular permeability, as described in Sec. 8.29

.3 Interstitial Transport
fluorophore may go through many excitation-emission

ycles, but eventually it will lose the ability to respond. This
s a key problem associated with fluorescence microscopy, in
hat exposure to high intensity light may quite quickly destroy
he fluorophore in a process known as photobleaching, par-
icularly problematic if trying to image the same region over
ime as is often the case when examining tumor vasculature
sing IVM. Although photobleaching is a complication, it
ay be exploited through fluorescence recovery after pho-

obleaching �FRAP�.94–96 This technique is particularly useful
n studying diffusion or movement of specific molecules
hrough tissue, and involves the application of intense light to
leach a small region of interest, i.e., loss of fluorescent signal
ournal of Biomedical Optics 011113-6
within the selected region. The rate of diffusion/active trans-
port of fluorescently labeled molecules into this region can
then be measured through increasing levels of fluorescence
intensity; for example, Chary and Jain96 used FRAP to mea-
sure tumor �VX2 carcinoma in rabbit ear chamber� interstitial
fluid velocity and diffusion following the intravenous admin-
istration of FITC conjugated bovine serum albumin �BSA�. In
addition to providing pertinent information on these param-
eters in a pathological microenvironment, they were able to
observe the direction and velocity of interstitial fluid flow
relative to microvascular flow, showing that sudden changes
in the direction of RBC flow did impact interstitial flow, al-
though there was a lag in response time.96

6.4 pH and Oxygenation
Helmlinger et al.40 used the organic dyes BCECF and porphy-
rin to examine pH and oxygenation �pO2� levels of tumor
tissue �LS174T, human colon adenocarcinoma� in relation to
the tumor vasculature. They found that the majority of the
tumor vessels exhibited a higher pH proximally, which de-
creased moving away from the vessels, although there was
little or no pH gradient in some cases. In contrast, pO2 gra-
dients, which did not correlate with pH, were much more
variable, although values were consistently low in avascular
areas and at distances greater than 150 �m from the support-
ing vasculature. However, there are confounding factors in
interpreting pO2 values in tumors growing in the window
chamber, as demonstrated in a study using the rat mammary
adenocarcinoma �R3230AC� model.97 As these tumors were
grown in DSFCs in rats, both skin layers were removed, per-
mitting imaging of both the fascial and tumor surfaces. Simi-
lar to Helmlinger et al.,40 pO2 was examined using phospho-
rescence lifetime imaging of porphyrin. Furthermore, blue
and green excitation wavelengths were used due to their dif-
ferences in tissue penetration �approximately 50 and 200 �m,
respectively�. This study neatly illustrated a longitudinal gra-
dient in pO2 values from the fascial through to the tumor
surface, a consequence of vascular co-option from the fascial
arterioles on tumor implantation.

6.5 Regulation of Angiogenesis
Fluorescence IVM studies have broadened our understanding
of the onset of angiogenesis and the molecular processes in-
volved in its regulation.77 Molecular probes have played a key
role in these studies, particularly GFP. A seminal study by Li
et al.23 examined the onset of tumor angiogenesis in the DSFC
model from a minimal number �20 to 50� of mammary tumor
cells �R3230Ac and 4T1�. This was possible due to the gen-
eration of tumor cells stably expressing GFP, enabling visual-
ization of individual cells using fluorescence microscopy. Tu-
mor growth and angiogenesis were tracked over a 4-week
period, showing evidence for early angiogenesis in the form
of microvessel dilation and tortuosity within 6 days �60 to 80
tumor cells� of implantation, functional microvessels within
8 days �300 to 400 tumor cells�, and an established vascular
network by 20 days �4 to 7 mm diameter�. Furthermore, tu-
mor cells were found to migrate to, and align themselves
alongside, the existing host vasculature in the early stages of
angiogenesis, and the vascular network was seen to branch
out from the host vasculature in the established tumor. The
January/February 2010 � Vol. 15�1�
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ame study went on to show that the simultaneous introduc-
ion of an antiangiogenic truncated version of the VEGF re-
eptor alongside the tumor cells severely repressed tumor an-
iogenesis and subsequent tumor growth, thereby providing
nformation on the molecular processes involved in early re-
ponse and supporting evidence for the importance of angio-
enesis in tumor development.23 Similar studies have exam-
ned other proangiogenic proteins and their potential for
herapeutic inhibition.80

Cao et al.98 examined the role of hypoxia in tumor angio-
enesis using fluorescence IVM. Colon �HCT116� and mam-
ary �4T1� carcinoma cells were engineered to stably express
FP as well as GFP under control of a hypoxia responsive
lement �HRE�, making GFP expression dependent on the
resence of hypoxia-inducible factor 1 �HIF-1�. When grown
n the DSFC, early vessel sprouting was apparent prior to
xpression of GFP, suggesting that, in this model, the onset of
ngiogenesis was not dependent on hypoxic conditions. How-
ver, the expression of HIF-1 was found to correlate with
ncreased angiogenesis, measured quantitatively through mi-
rovessel length/density. Furthermore, microvessels were
ound to grow toward regions of hypoxia.98

.6 Response to Therapy
oth transmitted light and fluorescence microscopy tech-
iques have been widely applied to preclinical studies of vas-
ular targeted therapeutics. Therapeutic approaches using an-
iangiogenic and vascular disrupting agents �VDAs� have
een extensively studied, either as a single agent or in com-
ination regimens, as a result of the direct and indirect impact
f tumor vasculature on treatment efficacy. IVM has proved to
e a useful tool in examining the vascular effects of these
gents. For example, fluorescence microscopy was used to
how a reduction in the overall microvessel density of GFP
xpressing pancreatic adenocarcinoma �Panc-02-HO� and co-
onic carcinoma �CT-26� tumor models following treatment
ith the antiangiogenic agent TNP-470.99 Tozer et al.38,79

emonstrated that treatment with the VDA combretastatin-A-
-phosphate �CA-4-P� induced a rapid and comprehensive re-
uction in blood vessel length and density as well as red
lood cell velocity using both light and fluorescent IVM ap-
roaches. Further, the use of single VEGF isoform expressing
urine fibrosarcoma tumors with diverse levels of vascular
aturity provided novel data on the impact of vascular matu-

ity on CA-4-P efficacy; the more mature tumor line �VEGF
88 expressing� was found to be significantly less responsive
o CA-4-P.38

Combination therapy approaches are complicated by how
hanges wrought by one agent on the tumor vasculature or
umor microenvironment as a whole might influence the effi-
acy of the second agent. For example, the antivascular ef-
ects of vascular targeted therapeutics might be expected to
inder delivery of a secondary drug. However, Czabanaka
t al.100 found that delivery of the chemotherapeutic agent
oxorubicin was not impaired when administered sequentially
o the multitargeted receptor tyrosine kinase inhibitor suni-
inib. Using a human glioma model �SF126�, they showed that
lthough sunitinib significantly reduced both total and func-
ional vessel density, the remaining vessels demonstrated im-
roved blood flow. Consequently, the subsequent administra-
ournal of Biomedical Optics 011113-7
tion of doxorubicin via the carotid artery resulted in improved
interstitial uptake in perivascular regions, and thus a compa-
rable uptake to that seen in tumors that did not receive suni-
tinib. These data suggest that conventional chemotherapy
might be used effectively with vascular targeted therapy. Sub-
sequently, this vascular normalization phenomenon has been
demonstrated for other vascular targeted drugs101 �see Sec. 8
on multiphoton microscopy�.

In addition to chemotherapy, vascular targeted therapy is
likely to be combined with radiotherapy. One study used con-
ventional light IVM to show that a broad VEGFR tyrosine
kinase inhibitor AZD2171 significantly reduced microvessel
density in a human lung carcinoma model �Calu-6�, and fur-
ther, that this effect was ameliorated on pretreatment of the
tumor with radiation therapy.102

7 Confocal Microscopy
Despite the continued utility of conventional wide-field trans-
mitted light and fluorescence microscopy in IVM, there are
several problems contingent on these methods; even in a
DSFC preparation, tumor growth results in an increasing
depth of tissue through which light has to penetrate �several
100 �m�. Out-of-focus light scattered by the tissue interferes
with and degrades the image at the focal point, severely lim-
iting the depth of tissue that can be examined and confound-
ing intensity measurements and interpretation of the acquired
images.30,103 Furthermore, it is only possible to examine the
vasculature in 2-D using these approaches, which introduces
errors in quantitative measures of vascular morphology and
function. Traditionally, the only method of examining the tu-
mor vascular network in 3-D was through reconstruction of a
3-D image following 2-D analysis of serial immuno-
histochemical sections, or through vascular casting.104

To visualize a single optical section within the tissue, con-
focal laser scanning microscopy uses mirrors to scan a beam
of laser light of the required fluorescence excitation wave-
length point by point across the specimen. The emitted fluo-
rescence signal is then “descanned” through a pinhole, pre-
venting light from outside the focal plane degrading the
image, thereby improving image resolution, signal-to-noise
ratio, and allowing increased depth discrimination. As the mi-
croscope is focused through the specimen, a 3-D composite
image is constructed.105,106 However, the high light intensity
of the beam, coupled with the need to repeatedly scan the
specimen �either during the acquisition of a z-stack or time-
lapse sequence�, results in increased sample photobleaching
and other light-induced tissue damage, which limits the use-
fulness of confocal fluorescence microscopy for IVM applica-
tions. Its use has been restricted primarily to postexcision
analyses of fixed samples.107,108 The ability of tumors to in-
duce expression of VEGF in host stromal cells with
fibroblast-like morphology was demonstrated using IVM con-
focal microscopy of murine mammary adenocarcinoma tu-
mors �MCaIV� growing in VEGF-EGFP transgenic mice.109

However, further analyses to determine spatial relationships
was carried out using multiphoton microscopy techniques �see
Sec. 8�. One recent study utilized confocal reflected light mi-
croscopy in conjunction with multiphoton microscopy to de-
velop a method of repeatedly and reproducibly locating the
same region within a DSFC window.110 Reflected light confo-
January/February 2010 � Vol. 15�1�
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al microscopy can be used to image microparticles, in this
ase latex polystyrene microspheres positioned in the DSFC
reparation.

Basic confocal fluorescence microscopy can take consider-
ble time, which makes it unsuitable for studies that require
igh spatial and temporal resolution, for example with a mov-
ng specimen. Spinning disk confocal microscopy uses a ro-
ating Nipkow disk �with multiple pinholes each containing a

icrolens� to scan multiple beams of light across the speci-
en at the same time. The Nipkow disk can rotate as many as

800 to 5000 times per minute, and a cooled CCD camera is
ormally used that allows the acquisition of up to approxi-
ately 1000 whole optical sections �frames or fields� per

econd,111 thereby making it possible to view rapidly occur-
ing events in real time.68 The application of multiple lower
ntensity beams reduces photobleaching relative to confocal
aser scanning microscopy; however, the Nipkow disks have
inholes of a fixed size and are therefore only optimized for
se with one objective lens. The sensitivity and cost of the
amera are other limiting factors. Nonetheless, this technique
ould prove invaluable in studies examining the movement of
ifferent cells and molecules during the dynamic process of
umor angiogenesis.

Another approach to real-time confocal IVM is video rate
onfocal laser scanning microscopy �VRCLSM�, which has
een applied to in vivo studies of kidney function.112,113

RCLSMs usually employ an acousto-optical deflector to
can the laser beam at high speed across the specimen. Early
pplications of this technique usually produced video signals
hich could be recorded to tape, although more recent VR-
LSM systems tend to be modules that are added to conven-

ional CLSM.

Multiphoton Fluorescence Microscopy
ince 1990 when its potential as a biological imaging tool was
learly established,114 multiphoton microscopy has been
rowing in strength and has played a key role in many bio-
ogical studies examining tumor angiogenesis.29,38,115 Multi-
hoton microscopy uses short pulses �approximately
00 femtoseconds� of high intensity infrared �IR� or near-
nfrared �NIR� light to induce multiple photon
xcitation.105,114,116 For fluorescence to occur, a fluorophore
ust first absorb a photon of light that has energy appropriate

o induce an excited state. This usually happens with the ar-
ival of a single photon, but can also occur if two photons
ith half the energy �or three with one third…etc.� are ab-

orbed almost simultaneously. Since it is extremely unlikely
hat a significant number of lower energy �longer wavelength�
hotons will arrive almost simultaneously by chance, excita-
ion of the fluorophore will only ever occur in the presence of
n extremely high density of photons, found only when the
eam of a powerful laser is at its most concentrated, right at
he point of focus. The beam is scanned over the specimen as
efore but, unlike a confocal laser scanning microscope, no
inhole is required to exclude out-of-focus light, since there is
o excitation of the fluorophore and therefore no photobleach-
ng above and below the plane of focus.30,105

Multiphoton microscopy offers several advantages over
onfocal microscopy for live-tissue imaging. The low linear
bsorption of IR and NIR light by most tissue samples in-
ournal of Biomedical Optics 011113-8
creases the depth penetration possible from the approximately
40 to 100 �m achievable using confocal microscopy to sev-
eral hundred micrometers �absolute depth is dependent on the
tissue properties, wavelengths used, and working distance of
the objective lens�. Further, as fluorophore excitation occurs
exclusively within the focal plane, extensive photobleaching
and tissue phototoxicity are avoided.30,105,114,117,118

Multiphoton fluorescence microscopy allows the excitation
and visualization of fluorescent molecules, therefore unla-
beled tissues are only visible when they exhibit autofluores-
cence �which is generally less in evidence than with single
photon imaging techniques�. To see weak fluorescence, a low
autofluorescence background is desirable, but it can then be
difficult to localize and understand the relationship between
the fluorescently labeled and unlabeled tissues. It is often not
possible or worthwhile to use transmitted light because of the
depth of penetration in tissue or opacity of the specimen under
examination, so reflection microscopy must be employed. In
addition to conventional reflected light imaging, a process
called second harmonic generation �SHG; see Fig. 3�b�� can
be used to view noncentrosymmetric structures such as
collagen.118,119 SHG is the result of multiple photons interact-
ing with structures such as collagen, and, as there is no loss,
the energy of two photons is combined to emit twice the en-
ergy and thus half the wavelength.118 Put simply, two photons
are reflected as one photon with half the wavelength. Al-
though not widely applied to IVM studies for examining tu-
mor angiogenesis, SHG has been used in combination with
multiphoton imaging of fluorescently labeled molecules to
provide 3-D data on the spatial distribution of vessels and
collagen in human melanoma tumors �Mu89�,119 and there is
scope for its broader use.

Multiphoton microscopy is widely applicable to tumor an-
giogenesis studies using IVM and has been used to build on
and improve existing knowledge. Multiphoton microscopy
analyses of murine mammary and human colon adenocarci-
noma tumors �MCaIV and LS174T, respectively� treated with
a neutralizing antibody against VEGFR2 �DC101� clearly
demonstrated therapy-induced normalization of the tumor
vasculature.101 This phenomenon was first documented using
conventional fluorescence microscopy in hormone-dependent
tumors.120 Brown et al.109 used multiphoton fluorescence mi-
croscopy to expand on a previous study demonstrating tumor
cell driven expression of VEGF in host stromal cells,121 and
showed that these cells were located both at the tumor-host
stroma boundary and also deep in the tumor tissue �200 �m�,
where they were often associated with tumor blood vessels.
Accurate details on individual cell expression and spatial dis-
tribution relative to other cells and structures have only been
made possible through the development of multiphoton mi-
croscopy techniques. The same study went on to demonstrate
specific gene expression mediated tumor cell homing �Hif1−/−

mutant cells homed to hypoxic regions� to track delivery of a
therapeutic agent, characterize tumor vascular architecture in
3-D, and examine functional features such as blood flow ve-
locity and permeability.109

Multiphoton microscopy is also useful for techniques re-
quiring quantification of fluorescence intensity, since it over-
comes some limitations of conventional fluorescence micros-
copy such as fluorescence scatter from outside the focal plane,
January/February 2010 � Vol. 15�1�
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or example in estimation of tumor vascular permeability �see
ig. 3�c��. Using multiphoton microscopy, the VDA, CA-4-P
as found to rapidly increase vascular permeability to a
0-kD dextran in the P22 rat sarcoma tumor model,29 and a
igh molecular weight isoform of VEGF �VEGF188� was
ound to be associated with development of tumor blood ves-
els with improved barrier function compared with lower mo-
ecular weight isoforms �VEGF164 and 120�.38 Further data
n the possible molecular mechanisms behind tumor vascular
aturity, and subsequent impact on treatment, was provided

n a study using a wild-type human glioblastoma model
U87MG� and a variant stably transfected to overexpress
DGF-C.115 Multiphoton microscopy was used to examine
ascular architecture and permeability �as a measure of func-
ion�. PDGF-C was found to play an important role in glio-
lastoma vascular maturation, with the PDGF-C overexpress-
ng tumors demonstrating a more normalized vascular

orphology concurrent with decreased vascular leakiness.
onsistent with improved vascular maturity, the PDGF-C
verexpressing tumors also demonstrated resistance to treat-
ent with DC101.115

Hyperspectral Imaging
yperspectral imaging is a technique based on the absorbance
f light across a spectrum of wavelengths by different
issues.122 The technique may be used with either transmitted
ight if the specimen is thin enough or reflected light. The
rimary application of this technique for in vivo imaging of
umor vasculature is to examine metabolic data, or more spe-
ifically vascular oxygen saturation. Oxy- and deoxyhemoglo-
in demonstrate differences in light absorption �both visual
nd NIR light can be used� in proportion with the level of
xygen saturation.122–124 Consequently, oxygen saturation
ithin tumor vessels can be measured �see Fig. 3�d�� in real

ime through the use of IVM in conjunction with an appropri-
te optical filtering system, such as an acousto-optic or liquid
rystal tunable filter, which is fitted in front of the
amera.123,125 The potential of this technique to study oxygen-
tion in tumor blood vessels has been clearly demonstrated in
study using the 4T1 mammary carcinoma tumor model. The

umor model was engineered to express GFP under the control
f a HRE, as well as to constitutively express RFP. Thus,
umor growth and the onset of hypoxia could be monitored
sing fluorescent IVM. Through the simultaneous application
f hyperspectral imaging, filtering the absorption bandwidth
ithin the appropriate hyperspectral range, oxygen saturation

maps” showing the spatial distribution of oxyhemoglobin
ere produced.125 Using this method, the same group has re-

ently related fluctuations in tumor microvascular oxygen-
tion to the location of arteriovenous shunts, a common
nomaly in tumor vascular networks.8

0 Optical Coherence Tomography
ptical coherence tomography �OCT� is a noninvasive optical

maging technique that can be used to generate high reso-
ution 3-D images, at depth, alongside additional information
n blood flow.126–129 It shares several similarities to ultra-
ound imaging but is based on measuring the intensity and
ime delay of light, rather than sound, back-scattered by tis-
ournal of Biomedical Optics 011113-9
sue. The use of a weakly focused optical beam is used to
generate sectioned images over an axial range of several mil-
limeters. Generation of the image is based on a fiber optic
Michelson interferometer and low-coherence wavelength light
source.130 Briefly, light from a broad-band, single-mode
source �e.g., a superluminescent diode� is sent through a
beamsplitter; one beam, a reference path, is reflected from a
mirror or optical delay, while the other passes down a fiber
optic probe and is focused on the target specimen. Light re-
flected back down the reference and specimen paths is recom-
bined, and when the distance traveled by both paths is within
the coherence length of the light, interference fringes are pro-
duced. These fringes can then be analyzed to reveal changes
in the intensity and back-scattered �echo� time delay produced
by structures within the tissue, and a map of the tissue struc-
ture can be generated.130 The use of light scatter to generate
image contrast as opposed to fluorescence emission �e.g., con-
focal or multiphoton microscopy� or molecular absorption
�e.g., hyperspectral microscopy� permits the use of much
longer wavelengths. OCT typically operates between 800 and
1300 nm, where tissue scattering and absorption are mini-
mized; hence, depth penetration can exceed 1 mm.

OCT is often used in conjunction with Doppler �DOCT� to
examine microvascular blood flow, thereby generating high
resolution images of the vascular network overlain with blood
flow information.130 OCT can provide useful information on
the microstructure of the tumor vasculature without the need
for fluorescent probes. Further, the application of DOCT and
the generation of image analysis techniques such as speckle
variance analysis127 permits the acquisition of blood flow data
that may be spatially attributed to the vascular map.

So far, OCT/DOCT-based technology has been applied pri-
marily to normal tissues.130 For instance, it has been used to
observe photodynamic therapy �PDT�-induced vascular shut-
down of normal blood vessels using IVM in the DSFC.127

However, tumor studies are beginning to emerge. In 2008,
Standish et al.131 used interstitial DOCT, where a DOCT
probe was inserted into rat prostate tumors �Mat-Ly-Lu�
growing subcutaneously to quantify tumor vascular response
to PDT. In 2009, Vakoc et al.132 used a modified DOCT tech-
nique, optical frequency domain imaging �OFDI�133,134 for
IVM-based high-resolution, deep tissue imaging studies of tu-
mor vascular networks and their response to targeted thera-
peutics. This extensive study examined mophological features
of multiple tumor blood and lymphatic vascular networks at
depths beyond 1 mm �as opposed to the approximately
400-�m depth possible using multiphoton microscopy�, ex-
tracting quantitative data pertaining to the structure and extent
of the vascular networks through the postimaging application
of an in-house automated 3-D vascular tracing and analysis
algorithm. In addition to generating anatomical data on the
vascular networks, which was found to correlate well with
previously extracted multiphoton data, the technique was ap-
plied to tumor-bearing mice �murine mammary adenocarci-
noma, MCaIV� treated with the VEGFR2 neutralizing anti-
body DC101, providing data on blood and lymphatic vascular
changes in response to therapy. The data obtained were, again,
complementary to previously acquired data using multiphoton
microscopy; however, additional data were provided through
the ability to image frequently �2-h time points over a 48-h
period� without the use of exogenous markers. Thus, the au-
January/February 2010 � Vol. 15�1�
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hors were able to acquire vascular networks at depths over a
ide tumor volume at multiple time points without any con-

ounding factors such as leak or photobleaching of fluorescent
yes. The ability to generate temporal and spatial data of the
ymphatic vascular network, simultaneous to acquisition of
lood vessel networks, was particularly novel.132

Thus, there is the potential for future tumor-based IVM
tudies using DOCT-based technologies to examine the vas-
ular effects of various therapeutic approaches. Further, as has
lready been done in normal blood vessels, it could be used in
ombination with other optical imaging approaches such as
yperspectral imaging to examine multiple tumor vascular
arameters.135

1 Image Analysis
uantifying IVM data is an on-going challenge that needs to
e undertaken to fully interpret the vast amounts of imaging
ata that can now be acquired. In addition to expensive com-
ercial software packages, freeware such as ImageJ are avail-

ble to researchers for this purpose. Alternatively, researchers
ften employ programming tools such as Matlab™,
athematica™, and the similar freeware options Scilab and
ctave, to develop their own algorithms for specialized ana-

ytical purposes. A common necessity for studies of tumor
icrocirculation is accurate identification of the vascular net-
orks in software, so that morphological parameters can be
easured, for example, or other features of the tumor mi-

roenvironment can be spatially related to the microvascula-
ure. Barber et al.78 proposed a semiautomatic tracing algo-
ithm for tumor blood vessels based on a compact Hough
ransform and radial maps, where plasma was fluorescently
abeled with intravenously administered FITC-dextran to
ighlight vessels under two-photon excitation. The software
equires a high degree of manual tracing, but finds vessel
enters and calculates vessel diameters automatically. An
daptive irregular cylinder was used to model vessels in the
utomated methodology proposed by Abdul-Karim et al.,81

gain using fluorescent dextran to provide contrast in SCID
ice bearing a murine mammary adenocarcinoma. An auto-
atic seeding sequence was used to localize the cylinder
odel, which found the center as the maximum intensity and
tted the diameter with a median calculation. Another auto-
ated methodology to trace vessels identified by fluorescent

extran is presented in Tyrrell et al.,82 where the spatial drop
n intensity of the vessels is modeled as super-Gaussian func-
ions. The modeling was similar to Abdul-Karim et al.,81 but
nstead of a cylinder, the shape model was generalized to a
uper-Gaussian function of the intensity, which benefits from
tronger fitting in the presence of noise. Another approach,
eveloped for computed tomography but with clear applica-
ion to IVM, is based on the intensity spatial variation found
hrough the derivatives in the directions of rows and columns
the eigenvalues of the Hessian matrix� for the discrimination
f structures that resemble vessels; the diameters are then cal-
ulated from the maximum direction of change of intensity
ear the vessels.136

Data from the different optical imaging acquisition tech-
ologies described are acquired in the same format; an inten-
ity value i �which is dependent on the number of photons
etected, which in turn depends on the presence of a certain
ournal of Biomedical Optics 011113-1
structure or concentration of a certain substance on the
sample� is assigned to each element of a 5-D matrix or a
subset of it. The matrix i�x ,y ,z ,� , t� describes the intensity as
a function of the x ,y ,z spatial coordinates, � is the wave-
length or frequency and time is t. The spectral decomposition
can be obtained with a multispectral camera or simply with a
color camera with filters for the red, green, and blue channels.

IVM is being developed in parallel with a number of other
sophisticated imaging technologies such as magnetic reso-
nance imaging �MRI� and positron emission tomography
�PET�. Therefore, an immediate challenge is to correlate data
that are derived from an individual subject with different ac-
quisition modalities �generating separate matrices
i*�x ,y ,z , t , . . . �� to provide a detailed and spatially resolved
profile of vascular parameters, drug distributions, etc. DSFCs
have been modified to be used with a MRI scanner137 to com-
pare parameters such as tumor area, vascular area fraction,
and length of large vessels with initial extraction fraction and
perfusion per unit tumor volume of the MRI contrast agent
gadopentetate dimeglumine �Gd-DTPA�. In Sefcik et al.,138

IVM, microcomputed tomography, and histology were used to
assess microvascular remodeling and associated bone healing
in vivo in response to the release of the bioactive phospholipid
sphingosine 1-phosphate. The potential that may be achieved
by combining IVM with genome-wide “-omic” approaches is
discussed in Megason and Fraser.139 The matrix i�x ,y ,z , t ,g�
is presented as the description of hypothetical subcellular lo-
calization patterns for all proteins in the genome, at all devel-
opmental times and places, in 3-D within an organism.

While images from IVM can be acquired with high reso-
lutions in a short time, other techniques may require longer
times for lower resolutions; therefore it is important to con-
sider the spatiotemporal differences of the datasets while cor-
relating and interpreting them. Another important issue arises
from the actual size of the datasets. 5-D sets can easily be-
come too large and complex to be stored, transported, and
processed with the current computational resources. A final
challenge will be to feed the data extracted from IVM into the
mathematical models of tumor angiogenesis that have been
developed recently.140 The assumptions and parameter set-
tings that make up these models need to be tested with ex-
perimental data before the models can be used to test hypoth-
eses for therapeutically targeting the tumor microcirculation.

12 Summary
It is clear that IVM approaches have played, and continue to
play, a vital role in studies designed to enhance our under-
standing of tumor vasculature—the molecular mechanisms in-
volved in its development, the multiple structural and func-
tional anomalies that define, it and the changes wrought by
various therapeutic approaches. However, there is still much
to learn, particularly with regard to molecular control of an-
giogenesis and acquisition of fully quantifiable data on vascu-
lar function, with sufficient spatial and numerical accuracy to
allow detection of subtle changes with therapy. To address
these gaps in our knowledge, it is necessary to both fully
exploit and continue to build on the multiple and fast-moving
technological advances in the field of optical imaging, from
image and video capture to data analysis. For instance, the full
potential of the more recently developed molecular probes has
January/February 2010 � Vol. 15�1�0
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ot been realized in IVM studies of tumor vasculature. The
xpense of modern microscope systems, such as multiphoton
uorescence, has also limited their application in this field.
evertheless, the availability of these novel tools, combined
ith the availability of powerful computers for data analysis

nd storage, guarantees a place for IVM in future investiga-
ions of tumor microcirculation. These studies will not be con-
ned to the preclinical arena. Deep-seated human tumors will
e accessible to IVM via microendoscopy, and simultaneous
pplication of IVM with other imaging modalities in clinical
se, such as MRI and PET, provides an opportunity to maxi-
ize the advantages and overcome the disadvantages of each
odality. In conclusion, we expect that IVM will continue to

lay a valuable role in research into tumor microcirculation
nd make a valuable contribution to the development of can-
er treatments designed to target tumor vasculature.
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