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MRI &MRS assessment of the role of the tumour
microenvironment in response to therapy
Leanne K. Bella*, Nicola L. Ainswortha, Shen‐Han Leea and John R. Griffithsa
MRI andMRS techniques are being applied to the cha
NMR Biom
racterisation of various aspects of the tumourmicroenvironment
and to the assessment of tumour response to therapy. For example, kinetic parameters describing tumour blood
vessel flow and permeability can be derived from dynamic contrast‐enhanced MRI data and have been correlated
with a positive tumour response to antivascular therapies. The ongoing development and validation of noninvasive,
high‐resolution anatomical/molecular MR techniques will equip us with the means to detect specific tumour
biomarkers early on, and then tomonitor the efficacy of cancer treatments efficiently and reliably, all within a clinically
relevant time frame. Reliable tumour microenvironment imaging biomarkers will provide obvious advantages by
enabling tumour‐specific treatment tailoring andpotentially improving patient outcome. However, for routine clinical
application across many disease types, such imaging biomarkers must be quantitative, robust, reproducible,
sufficiently sensitive and cost‐effective. These characteristics are all difficult to achieve in practice, but image
biomarker development and validation have been greatly facilitated by an increasing number of pertinent preclinical
in vivo cancer models. Emphasis must now be placed on discovering whether the preclinical results translate into an
improvement in patient care and, therefore, overall survival. Copyright © 2011 John Wiley & Sons, Ltd.
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5‐fluorouracil; 15C5, perfluoro‐15‐crown‐5‐ether.
INTRODUCTION

Tumour development involves the gradual accumulation of
somatic mutations by cells to produce a heterogeneous
malignant population. However, in recent years, this definition
has been recognised as an oversimplification of a far more
complicated process (1). It is now known that tumour cells rely on
their immediate surrounding environment for structural support,
signalling and nutrition, and, in some cancers, non‐neoplastic
cells may account for up to 90% of the total tumour mass. Tumour
progression therefore depends on complex interactions between
malignant tumour cells (most often of epithelial derivation),
which are embedded within an abundance of stromal elements
including fibroblasts and stromal deposits (forming the extracel-
lular matrix (ECM)), and a variety of bonemarrow‐derived cells (2).
Together, these components form a sophisticated unit, common-
ly known as the tumour microenvironment (TME) (Fig. 1).

The role of the TME in cancer propagation, invasion and
metastasis has already been extensively reviewed (3–7). How-
ever, only recently has interest arisen with regard to how
interactions between specific components of the TME, whether
cell–cell or cell–ECM, are integral in the regulation and
facilitation of carcinogenesis. In some contexts, the tumour
cells themselves influence the TME, such that a fully function-
ing ‘cancer organ’ is emulated (1). Membrane‐type matrix
metalloproteinase‐1, the best‐characterised membrane‐anchored
matrix metalloproteinase (MMP) (8), is expressed on both tu-
mour and stromal cell surfaces (9,10), and therefore exemplifies
the importance of cell–ECM interactions in the manifestation of
the TME.

Although this review is primarily concerned with the use of MR
in probing the TME, we also address research concerned with
TME–tumour cell interactions. MR has long been applied to the
elucidation of tumour properties and, over recent years, there
ed. 2011; 24: 612–635 Copyright © 2011 John
have been a number of excellent reviews detailing past achieve-
ments and recent advances in the field of MRI and MRS char-
acterisation of the TME (11–14). Researchers are now exploiting
Wiley & Sons, Ltd.
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Figure 1. The tumour microenvironment (TME). The primary TME involves a complex interplay between malignant tumour cells and numerous host
cell types, including endothelial cells of the blood circulation, stromal fibroblasts and a variety of bone marrow‐derived cells (BMDCs), including
tumour‐associated macrophages (TAMs), myeloid‐derived suppressor cells (MDSCs), TIE2‐expressing monocytes (TEMs) and mesenchymal stem cells
(MSCs). The extracellular matrix consists of stromal deposits which, together, form a scaffold that supports the cells of the TME. Invasive tumour cells
may subvert the basement membrane to permit invasion, metastasis and a consequent systemic spread of the disease. Based on Nat. Rev. Cancer, 9,
239–252, copyright 2009, by permission from Macmillan Publishers Ltd.
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various MR techniques to target specific aspects of the TME
(Table 1) and, ultimately, to identify biomarkers for the
noninvasive measurement of TME response to therapy in vivo,
reproducibly, in real time and with minimal side‐effects.
In this review, we highlight recent examples to illustrate this

point and the wide‐ranging applications of MR currently being
applied to the TME, with a focus on emerging MR methods that
may in future be used in the clinic to measure tumour and TME
response to targeted chemotherapeutics. We begin by briefly
describing passive and actively targeted MRI contrast agents
currently used in widespread preclinical and clinical research. We
continue by reporting on the many and varied MR‐based
methods which are being applied to characterise specific aspects
of the TME, namely pH, oxygenation, temperature, metabolites,
water mobility and pressure, and the ECM, and assess how
established imaging biomarkers alter in response to therapy.
61
CONTRAST AGENTS AS PROBES OF THE
TME – PASSIVE AND ACTIVE MECHANISMS

MRI can be enhanced by a range of intravenously administered
contrast agents, which we introduce briefly here before describing
selected applications. These agents are all extracellular, so that they
can, in general, be regarded as probes of the TME. It is also possible
to engineer these agents to bind specific molecules and improve
their specificity. MRI contrast agents fall broadly into two classes:
positive contrast (which shorten water T1 and cause brightening of
T1‐weighted images), typically consisting of chelated gadolinium
ions, and negative contrast (which shorten water T2 and T2*,
causing darkening of T2‐ or T2*‐weighted images), a typical
example being magnetic nanoparticles (MNPs), such as coated
NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wi
superparamagnetic iron oxide (SPIO) particles (12). Their intravas-
cular lifetime varies fromminutes (for small gadolinium chelates) to
hours (for some SPIO particles or gadolinium chelates attached to
larger molecules). Their effect may be measured by comparing
images pre‐ and post‐contrast administration (sometimes up to
24h later in the case of targeted agents to allow clearance of
unbound agent), or by dynamic measurements of the signal
change after the agent has been administered, allowing the
assessment of parameters relating to blood flow, volume and
vessel permeability.

In dynamic contrast‐enhanced MRI (DCE‐MRI), low‐molecular‐
weight (<1000Da) contrast agents are administered intrave-
nously, and rapidly diffuse from the tumour vessel lumen to
the extracellular extravascular space along a concentration
gradient. The resulting change in water T1 leads to changes in
signal intensity (SI) that can be used to calculate the contrast
agent concentration, and can then be pharmacokinetically
modelled, providing quantitative information reflecting tumour
microvessel perfusion, permeability and extracellular leakage
characteristics (15,16). The pros and cons of DCE‐MRI data
processing have been covered extensively elsewhere (15,17–20).

Although gadolinium‐based agents are in widest use in MRI,
there is also considerable interest in MNPs, both as MRI contrast
agents and as carriers for targeted drug delivery. In simple
terms, MNPs consist of an inorganic nanoparticle core and a
biocompatible surface coating, to which can be added
functional ligands targeted to components of the matrix or to
cell surface markers. An excellent review on the design of MNPs
has been published by Veiseh et al. (21). The properties of MNPs
can be altered by their surface coating, shape and size, allowing
specific tailoring to the target. Functional ligands, such as
targeted agents, therapeutics or optical dyes, can be added to
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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Table 1. MR techniques for monitoring tumour microenvironment (TME) response to therapy

TME target MR technique Example(s)

Vasculature DCE‐MRI (32–35,40)
Susceptibility‐ weighted contrast MRI (39,40,42)
Vessel size index MRI (41)
Targeted MRI contrast agents (45–52)
DWI (36,166,167,192)

Oxygenation DCE‐MRI (103,114)
BOLD (106–109,112–115)
TOLD (105)
OMRI (145,146)
FREDOM (109,129)
1H MRS/19F MRI (116,117,126)
19F MRS (118–122,127,130–135,137–139)
EPR oximetry (141,144)

Extracellular pH 1H MRSI (72–74)
13C MRSI (82)
MR‐PET (194)

Temperature MR thermometry (97–100)
Extracellular matrix Targeted MRI contrast agents (30,168,169,170,172)

‘Smart’ MRI contrast agents (178,181–186)
MTI (188,189)
CEST (190,191)
T1ρ

Interstitial fluid pressure DCE‐MRI (149,153–155)
Contrast‐enhanced MRI (152)

Stromal cells Contrast‐labelled stromal cells (171)
Immune cells Contrast‐labelled immune cells (53–57)

BOLD, blood oxygen level‐dependent; CEST, chemical exchange saturation transfer; DCE‐MRI, dynamic contrast‐enhanced MRI;
DWI, diffusion‐weighted imaging; EPR, electron paramagnetic resonance; FREDOM, fluorocarbon relaxometry using echo planar
imaging for dynamic oxygen mapping; OMRI, Overhauser‐enhanced MRI; PET, positron emission tomography; TOLD, tissue oxygen
level‐dependent.
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the surface or incorporated into the MNP (21). The attachment
of targeted agents to MNPs increases the concentrations of
contrast agent within a target tissue and increases the signal‐to‐
noise ratio (SNR) for improved detection by MRI. Active targeting
can be achieved using ligands such as proteins, small molecules
or antibody–antigen interactions. MNPs have great potential
to be multifunctional, combining targeted drug delivery with
real‐time monitoring of drug delivery and assessment of efficacy
of therapeutic intervention. The combination of drug delivery
and MRI contrast agent could be highly clinically significant. A
number of groups have used MNPs for the targeting of drug
delivery to cancer cells; examples include cisplatin, paclitaxel,
doxorubicin and methotrexate (22–24). Jain et al. (25) showed
that the incorporation of doxorubicin and paclitaxel with
MNPs did not alter significantly the MRI characteristics of the
contrast agent in vivo, and that the drugs still had significant
antiproliferative effects in MCF‐7 breast cancer cells. Kohler
et al. (22) evaluated methotrexate conjugated to an MNP in
9L glioma cells. They reported uptake, enhancement on
MRI and increased cytotoxicity compared with unconjugated
methotrexate. However, the in vivo analysis of imaging and
response with this combination has not been conducted. In
addition to chemotherapy, gene therapy with small interfering
RNA (siRNA) has shown promise. Medarova et al. (26) used an
MNP probe for siRNA delivery and imaging, and found that
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
it silenced green fluorescent protein (GFP) production in a GFP‐
expressing xenograft tumour, and increased the levels of
apoptosis. This study used a second probe to assess necrosis in
another xenograft model; this was achieved by targeting the anti‐
apoptotic birc5, which encodes survivin, an inhibitor of apoptosis,
to assess necrosis in a xenograft model. Simultaneous delivery
and detection of siRNA and gene silencing were shown in vivo.
Future challenges in the design and use of MNPs for imaging
in vivo include the ability to overcome biological barriers, such as
the blood–brain barrier, and the evasionof detection and clearance
by the reticuloendothelial system, as well as the development of
tailored agents for the monitoring of each specific therapy.
The targeting of molecular MRI contrast agents to biomarkers

within the TME is a promising noninvasive technique for the
assessment of the efficacy of anticancer therapies in vivo.
Preclinically, these agents have detected a range of cell type‐
specific‐ and generic biomarkers of the TME, whilst successfully
exploiting the high‐resolution anatomical and molecular informa-
tion available with MRI. Selectively targeted contrast agents have
been designed to bindmolecules of the TME and also extracellular
targets on the tumour cell surface which mediate cell–TME
interactions (Table 2). By developing new methods to improve
SNR (which may depend on the accumulation of a higher
concentration of targeted contrast agent per voxel), the suitability
of target‐specific MRI contrast agents for clinical application may
ohn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635



Ta
b
le

2.
Ex
am

pl
es

of
ta
rg
et
ed

co
nt
ra
st

ag
en

ts
fo
r
M
RI

of
th
e
tu
m
ou

r
m
ic
ro
en

vi
ro
nm

en
t

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

Tu
m
ou

r
EC

M
ta
rg
et
s

Ty
pe

Ic
ol
la
ge

n

A
n
ab

un
da

nt
co
m
po

ne
nt

of
th
e
EC

M
an

d
fi
br
os
is

EP
‐3
53

3
C
yc
lic

10
‐a
m
in
o‐
ac
id

pe
pt
id
e

w
ith

th
re
e
pr
im

ar
y
am

in
e

gr
ou

ps
fo
r
ap

pe
nd

ag
e
of

co
nt
ra
st

m
oi
et
y

G
ad

op
en

te
ta
te

di
m
eg

lu
m
in
e

(t
hr
ee

m
oi
et
ie
s

pe
r
pe

pt
id
e)

D
yn

am
ic

T 1
‐w

ei
gh

te
d
M
RI

w
as

pe
rf
or
m
ed

at
4.
7
T
in

th
e
pr
es
en

ce
of

EP
‐3
53

3.
D
at
a

de
m
on

st
ra
te
d
ac
cu
ra
te

di
ff
er
en

tia
tio

n
be

tw
ee
n
de

ns
el
y
co
lla
ge

no
us

sc
ar
re
d

m
yo

ca
rd
iu
m

an
d
bl
oo

d,
an

d
be

tw
ee
n

no
rm

al
m
yo

ca
rd
iu
m

an
d
sc
ar
re
d

m
yo

ca
rd
iu
m

in
a
m
ou

se
m
od

el
of

he
al
ed

po
st
‐in

fa
rc
tio

n
m
yo

ca
rd
ia
l
sc
ar
rin

g

(1
69

)

H
ya
lu
ro
ni
da

se

A
bi
om

ar
ke
r
of

an
gi
og

en
es
is

an
d
m
et
as
ta
si
s
in

ov
ar
ia
n

ca
rc
in
om

a.
Its

su
bs
tr
at
e,

hy
al
ur
on

an
,i
s
a
co
m
po

ne
nt

of
th
e
EC

M
,i
m
po

rt
an

t
in

m
ai
nt
ai
ni
ng

tis
su
e

ar
ch
ite

ct
ur
e

H
ya
lu
ro
na

n–
G
dD

TP
A

be
ad

s
H
ya
lu
ro
na

n
G
dD

TP
A

Si
gn

ifi
ca
nt

in
cr
ea
se
s
in

R 1
w
er
e
ob

se
rv
ed

(m
os
t
ap

pa
re
nt

at
2.
5
m
in

po
st
‐c
on

tr
as
t)

in
hu

m
an

ES
‐2

ov
ar
ia
n
xe
no

gr
af
ts

gr
ow

n
in

nu
de

m
ic
e.

Si
gn

ifi
ca
nt

in
cr
ea
se
s
in

R 1
w
er
e
at
tr
ib
ut
ed

to
hy

al
ur
on

an
–G

dD
TP

A
be

ad
‐m

ed
ia
te
d
de

te
ct
io
n
of

hy
al
ur
on

id
as
e

ac
tiv

ity
in

th
e
vi
ci
ni
ty

of
th
e
xe
no

gr
af
ts

(1
68

)

Fi
br
in
/fi
br
on

ec
tin

C
om

po
ne

nt
s
of

th
e
EC

M
,

fi
br
os
is
an

d
bl
oo

d
cl
ot
tin

g.
Tu

m
ou

r
st
ro
m
al

fi
br
on

ec
tin

is
al
so

as
so
ci
at
ed

w
ith

an
gi
og

en
es
is

C
TL
1–

(G
dD

TP
A
)

C
TL
1
cy
cl
ic

de
ca
pe

pt
id
e

(c
on

ju
ga

te
d
to

co
nt
ra
st

m
oi
et
y
at

N
‐t
er
m
in
us
)

G
dD

TP
A

M
ax
im

al
en

ha
nc
em

en
t
w
as

ob
se
rv
ed

60
m
in

po
st
‐c
on

tr
as
t
in

fe
m
al
e
at
hy

m
ic

(n
u/
nu

)
m
ic
e
be

ar
in
g
hu

m
an

H
T‐
29

co
lo
n

ca
rc
in
om

a
xe
no

gr
af
ts
.A

dm
in
is
tr
at
io
n
an

d
co
m
pe

tit
iv
e
bi
nd

in
g
of

fr
ee

C
TL
1
pe

pt
id
e

re
du

ce
d
co
nt
ra
st
‐in

du
ce
d
en

ha
nc
em

en
t.

C
TL
1–

(G
dD

TP
A
)
de

m
on

st
ra
te
d
sp
ec
ifi
c

ta
rg
et
in
g
of

fib
ro
ne

ct
in
–f
ib
rin

co
m
pl
ex
es

in
H
T‐
29

xe
no

gr
af
ts

w
ith

m
in
im

al
bi
nd

in
g

to
no

rm
al

tis
su
es
.M

RI
da

ta
w
er
e

co
rr
ob

or
at
ed

w
ith

ex
vi
vo

hi
st
ol
og

ic
al

st
ai
ni
ng

fo
r
fi
br
on

ec
tin

(3
0)

M
at
rix

m
et
al
lo
pr
ot
ei
na

se
(M

M
P)

Po
te
nt
ia
l
bi
om

ar
ke
r
fo
r

ca
nc
er

pr
og

re
ss
io
n,

PC
A
2‐
sw

itc
h

M
M
P‐
2
pe

pt
id
e
su
bs
tr
at
e

lin
ke
d
to

co
nt
ra
st

m
oi
et
y

G
dD

O
TA

A
t4

0
m
in
po

st
‐c
on

tr
as
t,
an

in
cr
ea
se

in
R 1

w
as

in
du

ce
d
by

PC
A
2‐
sw

itc
h
in

w
ild

‐t
yp

e
(1
72

)

(C
on

tin
ue
s)

MR ASSESSMENT OF ROLE OF TUMOUR MICROENVIRONMENT IN THERAPY RESPONSE

NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm

615



Ta
b
le

2.
(C
on

tin
ue
d)

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

in
va
si
ve
ne

ss
,a

ng
io
ge

ne
si
s

an
d
m
et
as
ta
si
s
(e
.g
.

he
pa

to
ce
llu
la
r
ca
rc
in
om

a)

vi
a
a
12

‐c
ar
bo

n
al
ky
l

ch
ai
n

m
ou

se
M
C
7‐
L1

m
am

m
ar
y
ca
rc
in
om

a
xe
no

gr
af
ts
.T

he
in
cr
ea
se

in
R 1

w
as

at
tr
ib
ut
ed

to
cl
ea
va
ge

of
PC

A
2‐
sw

itc
h
by

M
M
P‐
2
an

d
ac
cu
m
ul
at
io
n
of

th
e
ag

en
t
in

th
e
w
ild

‐t
yp

e
tu
m
ou

r.
Th

is
st
ud

y
co
ns
tit
ut
es

th
e
fi
rs
t
ex
am

pl
e
of

de
te
ct
io
n

of
M
M
P‐
2
ac
tiv

ity
in

vi
vo

by
M
RI

(T
is
su
e)

Tr
an

sg
lu
ta
m
in
as
e

A
m
ul
tif
un

ct
io
na

l
G
TP

–G
D
P‐

bi
nd

in
g
en

zy
m
e
w
hi
ch

co
nt
rib

ut
es

to
st
ab

ili
sa
tio

n
of

th
e
EC

M
an

d
ce
ll–

su
bs
tr
at
e
in
te
ra
ct
io
ns
.

A
ss
oc
ia
te
d
w
ith

m
an

y
ce
llu
la
r
pr
oc
es
se
s
an

d
im

pl
ic
at
ed

in
fi
br
os
is

an
d
m
et
as
ta
si
s

TG
S–
G
dD

TP
A

Tr
an

sg
lu
ta
m
in
as
e
su
bs
tr
at
e

(T
G
S)

(h
ex
am

er
ic

pe
pt
id
e

fr
om

α2
pl
as
m
in

in
hi
bi
to
r

hu
m
an

ge
ne

)

Ly
si
ne

–G
dD

TP
A

lin
ke
d
to

th
e
TG

S
at

its
C
‐t
er
m
in
us

R 1
m
ap

s
de

m
on

st
ra
te
d
si
gn

ifi
ca
nt

in
cr
ea
se

in
re
la
xa
tio

n
ra
te

in
hu

m
an

M
C
F7

br
ea
st

ca
rc
in
om

a
sp
he

ro
id
s
(≤
1.
0
m
m

in
di
am

et
er
)f
ol
lo
w
in
g
co
nt
ra
st
ad

m
in
is
tr
at
io
n.

R 1
hi
st
og

ra
m
s
de

m
on

st
ra
te
d
a
sh
ift

to
th
e

rig
ht

in
th
e
pr
es
en

ce
of

TG
S–
G
dD

TP
A
.T
he

se
ch
an

ge
s
w
er
e
at
tr
ib
ut
ed

to
tis
su
e
re
te
nt
io
n

of
TG

S–
G
dD

TP
A
as

a
re
su
lt
of

cr
os
s‐
lin
ki
ng

of
TG

S
by

en
do

ge
no

us
tr
an

sg
lu
ta
m
in
as
e

(1
70

)

Fi
br
ob

la
st
s

St
ro
m
al

ce
ll
in
st
ig
at
or
s

of
tu
m
ou

r
de

sm
op

la
si
a.

M
at
rix

‐b
ou

nd
fi
br
ob

la
st
s

ar
e
as
so
ci
at
ed

w
ith

an
gi
og

en
es
is
an

d
en

do
th
el
ia
lc

el
l
m
ot
ili
ty
.

Po
te
nt
ia
lb

io
m
ar
ke
r
fo
r

an
gi
og

en
es
is
an

d
tu
m
ou

r
pr
og

re
ss
io
n

Bi
ot
in
–B

SA
–G

dD
TP

A
‐

la
be

lle
d
fib

ro
bl
as
ts

PF
N
2
fib

ro
bl
as
ts

(o
bt
ai
ne

d
fr
om

a
po

or
ly

di
ff
er
en

tia
te
d

in
va
si
ve

G
3

br
ea
st

tu
m
ou

r)

Bi
ot
in
–B

SA
–G

dD
TP

A
(in

cu
ba

te
d
w
ith

fib
ro
bl
as
ts

in
vi
tr
o

fo
r
48

h)

R 1
va
lu
es

w
er
e
si
gn

ifi
ca
nt
ly

el
ev
at
ed

in
hu

m
an

M
LS

ov
ar
ia
n
ca
rc
in
om

a
xe
no

gr
af
ts

bo
th

1
an

d
8
da

ys
fo
llo
w
in
g
in
oc
ul
at
io
n

w
ith

la
be

lle
d
fi
br
ob

la
st
s.
Si
gn

ifi
ca
nt
ly

in
cr
ea
se
d
co
nt
ra
st

pe
rs
is
te
d
fo
r
≥
8
da

ys
in

vi
vo
.M

RI
da

ta
de

m
on

st
ra
te
d
lo
ca
la

nd
sy
st
em

ic
re
cr
ui
tm

en
t
of

fi
br
ob

la
st
s
to

th
e

rim
of

th
e
xe
no

gr
af
ts

an
d
co
rr
es
po

nd
ed

w
ith

lo
ca
lis
at
io
n
of

to
rt
uo

us
va
sc
ul
at
ur
e.

Th
es
e
re
su
lts

pr
ov

id
e
dy

na
m
ic
ev
id
en

ce
fo
r

th
e
ro
le

of
fi
br
ob

la
st
s
in

th
e
m
ai
nt
en

an
ce

of
fu
nc
tio

na
lt
um

ou
r
va
sc
ul
at
ur
e
an

d
of
fe
r

a
m
ea
ns

of
im

ag
e‐
gu

id
ed

ta
rg
et
in
g
of

th
es
e
ab

un
da

nt
st
ro
m
al
ce
lls

to
th
e
tu
m
ou

r
as

a
po

te
nt
ia
lm

ec
ha

ni
sm

fo
r
ce
llu
la
r

ca
nc
er

th
er
ap

y

(1
71

)

(C
on

tin
ue
s)

L. K. BELL ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2011 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635

616



Ta
b
le

2.
(C
on

tin
ue
d)

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

Tu
m
ou

r
va

sc
ul
at
ur
e
ta
rg
et
s

En
do

gl
in

(C
D
10

5)

C
o‐
re
ce
pt
or

of
th
e
TG

F‐
β

su
pe

rf
am

ily
,l
ar
ge

ly
ex
pr
es
se
d
in

sm
al
l
an

d
(p
ro
ba

bl
y)

im
m
at
ur
e

tu
m
ou

r
ve
ss
el
s
as

de
m
on

st
ra
te
d
in

br
ea
st
,

pr
os
ta
te

an
d
ga

st
ric

ca
nc
er
s

as
w
el
la
s
gl
io
m
as
.B
io
m
ar
ke
r

of
tu
m
ou

r
an

gi
og

en
es
is

C
D
10

5‐
G
d‐
SL
s

(M
PB

)‐
an

ti‐
C
D
10

5
m
A
b

St
er
ic
al
ly

st
ab

ili
se
d

G
dD

TP
A
lip

os
om

al
na

no
pa

rt
ic
le
s

F9
8
gl
io
m
a
ce
ll
xe
no

gr
af
ts

(g
ro
w
n
in

ra
ts
)

ch
al
le
ng

ed
w
ith

C
D
10

5‐
G
d
‐S
Ls

de
m
on

st
ra
te
d
si
gn

al
en

ha
nc
em

en
t
w
hi
ch

in
cr
ea
se
d
up

to
60

m
in

po
st
‐c
on

tr
as
t.
A

fu
rt
he

r
in
cr
ea
se

in
si
gn

al
w
as

ob
se
rv
ed

at
12

0
m
in

po
st
‐c
on

tr
as
t
an

d
co
rr
el
at
ed

w
ith

in
cr
ea
se
d
ex
pr
es
si
on

of
C
D
10

5
as

de
te
rm

in
ed

hi
st
ol
og

ic
al
ly
.S

ig
na

l
en

ha
nc
em

en
t
re
su
lte

d
fr
om

G
d
3
+
bi
nd

in
g

to
C
D
10

5
on

ne
w

ve
ss
el
s,
yi
el
di
ng

si
gn

al
sp
ec
ifi
ca
lly

fr
om

an
gi
og

en
ic

si
te
s

(5
1)

α v
β 3
‐
in
te
gr
in

Es
ta
bl
is
he

d
bi
om

ar
ke
r

of
an

gi
og

en
es
is
w
hi
ch

is
re
la
tiv

el
y
se
le
ct
iv
e
fo
r

ac
tiv

at
ed

en
do

th
el
ia
l
ce
lls
,

bu
t
un

ex
pr
es
se
d
on

m
at
ur
e

an
d
qu

ie
sc
en

t
ce
lls

α v
β 3
‐t
ar
ge

te
d

pa
ra
m
ag

ne
tic

na
no

pa
rt
ic
le
s

α v
β 3
‐t
ar
ge

te
d
pe

pt
id
om

im
et
ic

an
ta
go

ni
st

(c
ov

al
en

tly
co
up

le
d
to

th
e
su
rf
ac
an

t
co
‐m

ix
tu
re
)

G
dD

TP
A
‐B
O
A

C
on

tr
as
t
ag

en
t
ad

m
in
is
tr
at
io
n
to

ra
bb

it
VX

‐2
xe
no

gr
af
ts
ca
us
ed

a
m
ar
ke
d
in
iti
al
in
cr
ea
se

in
T 1

si
gn

al
in
te
ns
ity

at
th
e
tu
m
ou

r
pe

rip
he

ry
,c
on

si
st
en

t
w
ith

th
e
pr
ed

om
in
an

t
di
st
rib

ut
io
n
of
an

gi
og

en
es
is
as

de
m
on

st
ra
te
d

hi
st
ol
og

ic
al
ly
.A

t2
h
po

st
‐c
on

tr
as
t,
th
e
si
gn

al
in
cr
ea
se

w
as
56
%
co
m
pa
re
d
w
ith

no
nt
ar
ge
te
d

co
nt
ro
ln
an
op

ar
tic
le
s.
Th
es
e
da
ta
de

m
on

st
ra
te

th
e
po

te
nt
ia
lo
ft
he

co
nt
ra
st
ag
en
tf
or

th
e
de

-
te
ct
io
n
an
d
ch
ar
ac
te
ris
at
io
n
of
ne
ov
as
cu
la
tu
re
,

an
d
fo
r
as
se
ss
in
g
th
e
ef
fe
ct
iv
en
es
s
of

an
tia
ng

io
ge
ni
c
tr
ea
tm

en
tr
eg
im

es

(1
95

)

T 1
‐w

ei
gh

te
d
M
RI

da
ta

w
er
e
ac
qu

ire
d
fo
r

hu
m
an

C
‐3
2
m
el
an

om
a
xe
no

gr
af
ts

up
to

12
0
m
in

po
st
‐c
on

tr
as
t.
C
on

tr
as
t

en
ha

nc
em

en
t
of

ne
ov

as
cu
la
rit
y
w
as

17
3%

by
12

0
m
in

po
st
‐c
on

tr
as
t,
w
hi
ch

w
as

~
50

%
gr
ea
te
r
th
an

no
nt
ar
ge

te
d
co
nt
ro
l

na
no

pa
rt
ic
le
s.
Th

is
st
ud

y
lo
w
er
s
th
e

pr
ev
io
us
ly

re
po

rt
ed

lim
it
fo
r
de

te
ct
io
n
of

sp
ar
se

ne
ov

as
cu
la
r
bi
om

ar
ke
rs

in
vi
vo

at
cl
in
ic
al
ly

re
le
va
nt

fi
el
d
st
re
ng

th
s

(4
7)

(C
on

tin
ue
s)

MR ASSESSMENT OF ROLE OF TUMOUR MICROENVIRONMENT IN THERAPY RESPONSE

NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm

617



Ta
b
le

2.
(C
on

tin
ue
d)

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

RG
D
‐(
pQ

D
s)

[α
vβ

3
‐

in
te
gr
in

ta
rg
et
ed

m
ul
tim

od
al
qu

an
tu
m

do
ts
(Q
D
s)
]

RG
D
α v
β 3
‐in

te
gr
in

tr
ip
ep

tid
e

(c
on

ju
ga

te
d
to

qu
an

tu
m

do
ts
w
ith

a
pa

ra
m
ag

ne
tic

co
at
in
g)

G
dD

TP
A
‐B
SA

[G
dD

TP
A
‐b
is
‐

(s
te
ar
yl
am

id
e)
]

T 1
‐w

ei
gh

te
d
M
RI

da
ta

w
er
e
ac
qu

ire
d
bo

th
pr
e‐

an
d
po

st
‐c
on

tr
as
t
in

m
ou

se
B1

6F
10

m
el
an

om
a
xe
no

gr
af
ts
.S

ig
ni
fi
ca
nt

si
gn

al
en

ha
nc
em

en
t
fo
llo
w
in
g
RG

D
‐p
Q
D
s
w
as

fo
un

d
m
ai
nl
y
at

th
e
tu
m
ou

r
pe

rip
he

ry
,

co
rr
es
po

nd
in
g
to

th
os
e
re
gi
on

s
w
ith

hi
gh

es
t
an

gi
og

en
ic

ac
tiv

ity
,a

s
de

te
rm

in
ed

by
fl
uo

re
sc
en

ce
m
ic
ro
sc
op

y.
Th

es
e
da

ta
de

m
on

st
ra
te
d
th
at

vi
su
al
is
at
io
n
of

an
gi
og

en
es
is
ca
n
be

ac
hi
ev
ed

at
an

at
om

ic
al

re
so
lu
tio

ns
,a
nd

RG
D
‐p
Q
D
s
re
pr
es
en

t
a

no
ve
lm

ea
ns

of
as
se
ss
in
g
m
an

y
pa

th
op

hy
si
ol
og

ic
al
pr
oc
es
se
s
in
vi
vo

(5
0)

C
D
13

(a
m
in
op

ep
tid

as
e
N
is
of
or
m
)

Tr
an

sm
em

br
an

e
gl
yc
op

ro
te
in

in
vo

lv
ed

in
ca
nc
er

an
gi
og

en
es
is
,t
um

ou
r

in
va
si
on

an
d
m
et
as
ta
si
s,

an
d
w
hi
ch

is
hi
gh

ly
ex
pr
es
se
d
on

ac
tiv

at
ed

en
do

th
el
ia
lc

el
ls
of

tu
m
ou

r
va
sc
ul
at
ur
e.

Bi
om

ar
ke
r
fo
r

tu
m
ou

r
an

gi
og

en
es
is

cN
G
R‐
pQ

D
s
(c
yc
lic

A
sn
–G

ly
–A

rg
is
a

tu
m
ou

r‐
ho

m
in
g

tr
ip
ep

tid
e
an

d
lig

an
d
of

C
D
13

)

cN
G
R
(b
io
tin

yl
at
ed

an
d

at
ta
ch
ed

to
av
id
in
‐c
oa

te
d

qu
an

tu
m

do
ts
)

G
dD

TP
A
(b
io
tin

yl
at
ed

in
a
w
ed

ge
an

d
at
ta
ch
ed

to
av
id
in
‐

co
at
ed

qu
an

tu
m

do
ts
)

C
on

tr
as
t
ag

en
t
w
as

ad
m
in
is
te
re
d
to

Sw
is
s

nu
/n
u
m
ic
e
be

ar
in
g
hu

m
an

LS
17

4T
co
lo
re
ct
al
ca
rc
in
om

a
xe
no

gr
af
ts
.F
or

cN
G
R‐

la
be

lle
d
an

d
un

la
be

lle
d
pQ

D
s,
ΔR

1
w
as

sp
at
ia
lly

he
te
ro
ge

ne
ou

s
th
ro
ug

ho
ut

th
e

tu
m
ou

r
po

st
‐c
ha

lle
ng

e,
bu

t
m
os
t

pr
on

ou
nc
ed

at
th
e
tu
m
ou

r
rim

.A
lth

ou
gh

an
R 1

in
cr
ea
se

w
as

ob
se
rv
ed

fo
ru

nl
ab

el
le
d

pQ
D
s,
th
e
av
er
ag

e
re
sp
on

se
w
as

th
re
e‐
fo
ld

lo
w
er

co
m
pa

re
d
w
ith

cN
G
R‐
pQ

D
s.
Th

e
pr
es
en

te
d
re
su
lts

de
si
gn

at
e
cN

G
R
as

an
ef
fe
ct
iv
e
lig

an
d
fo
r
di
sc
rim

in
at
in
g
be

tw
ee
n

qu
ie
sc
en

t
an

d
ac
tiv

at
ed

en
do

th
el
iu
m

an
d

fo
r
qu

an
tif
yi
ng

th
e
ex
te
nt

of
tu
m
ou

r
an

gi
og

en
ic

ac
tiv

ity
in

vi
vo

(5
2)

Tu
m
ou

r‐
as
so
ci
at
ed

im
m
un

e
ce
ll
ta
rg
et
s

H
er
‐2
/n
eu

re
ce
pt
or
‐t
ar
ge

te
d
na

tu
ra
lk
ill
er

(N
K)

ce
lls

N
K
ce
lls

w
er
e
ta
rg
et
ed

to
th
e

H
er
‐2
/n
eu

tu
m
ou

r
ce
ll

su
rf
ac
e
re
ce
pt
or
.H

er
‐2
/n
eu

is
in
vo
lv
ed

in
si
gn

al
tr
an

sd
uc
tio

n
pa

th
w
ay
s

Fe
ru
m
ox
tr
an

‐la
be

lle
d

an
ti
H
er
‐2
/n
eu

di
re
ct
ed

N
K‐
92

‐
sc
Fv
(F
RP

5)
‐z
et
a
ce
lls

N
K‐
92

‐s
cF
v(
FR

P5
)‐
ze
ta

ce
lls

(g
en

et
ic
al
ly

en
gi
ne

er
ed

N
K
ce
lls

w
hi
ch

sp
ec
ifi
ca
lly

an
d
ef
fic
ie
nt
ly
ly
se

H
er
‐2
/n
eu

‐e
xp
re
ss
in
g
tu
m
ou

r

Fe
ru
m
ox
tr
an

(s
ec
on

d
‐

ge
ne

ra
tio

n
SP

IO
)

M
RI

da
ta

w
er
e
ac
qu

ire
d
pr
e‐

an
d
po

st
‐

ad
m
in
is
tr
at
io
n
of

fe
ru
m
ox
tr
an

‐
la
be

lle
d,

H
er
‐2
/n
eu

‐t
ar
ge

te
d
N
K
ce
lls

to
nu

de
Ba

lb
/c
‐A
nN

C
rl
m
ic
e
be

ar
in
g
H
er
‐2
/n
eu

‐
po

si
tiv

e
N
IH

3T
3
m
am

m
ar
y
ca
rc
in
om

a

(5
4)

(C
on

tin
ue
s)

L. K. BELL ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2011 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635

618



Ta
b
le

2.
(C
on

tin
ue
d)

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

le
ad

in
g
to

ce
ll
gr
ow

th
an

d
di
ffe

re
nt
ia
tio

n,
is

ov
er
ex
pr
es
se
d
in

m
an

y
hu

m
an

tu
m
ou

r
ty
pe

s
of

ep
ith

el
ia
ld

er
iv
at
io
n
(s
uc
h
as

br
ea
st
,s
to
m
ac
h,
ga

st
ric

an
d

en
do

m
et
ria
lc
ar
ci
no

m
as
)

an
d
is
lin
ke
d
w
ith

ca
nc
er

de
ve
lo
pm

en
t
an

d
pr
og

re
ss
io
n.
H
er
‐2
/n
eu

is
th
er
ef
or
e
a
bi
om

ar
ke
r
fo
r

tu
m
ou

r
ag

gr
es
si
ve
ne

ss
an

d
is
as
so
ci
at
ed

w
ith

po
or

pr
og

no
si
s
in

br
ea
st
ca
nc
er

ce
lls

an
d
de

la
y
tu
m
ou

r
gr
ow

th
)

xe
no

gr
af
ts
.A

si
gn

ifi
ca
nt

de
cr
ea
se

in
tu
m
ou

r
si
gn

al
‐t
o‐
no

is
e
ra
tio

w
as

ob
se
rv
ed

in
re
sp
on

se
to

co
nt
ra
st
ag

en
t.

Im
m
un

oh
is
to
ch
em

is
tr
y
co
nf
irm

ed
ac
cu
m
ul
at
io
n
of

la
be

lle
d
N
K
ce
lls

in
xe
no

gr
af
ts
.T
hi
s
m
et
ho

d
re
pr
es
en

ts
a

m
ea
ns

of
m
on

ito
rin

g
N
K
ce
ll
ho

m
in
g
an

d
en

gr
af
tm

en
t
in

hu
m
an

tu
m
ou

rs
,b

ut
fu
rt
he

r
st
ud

ie
s
ar
e
w
ar
ra
nt
ed

to
in
ve
st
ig
at
e

co
nt
ra
st
ag

en
t
ph

ar
m
ac
ok
in
et
ic
s
an

d
el
im

in
at
io
n
be

fo
re

cl
in
ic
al
im

pl
em

en
ta
tio

n

D
en

dr
iti
c
ce
lls

(D
C
)

D
C
s
m
ig
ra
te

to
th
e
ly
m
ph

no
de

s
to

pr
es
en

t
th
ei
r

an
tig

en
to

re
si
de

nt
T‐
ce
lls
.

D
C
s
ar
e
pr
of
es
si
on

al
an

tig
en

‐p
re
se
nt
in
g
ce
lls

an
d
ha

ve
be

en
sh
ow

n
to

tr
ig
ge

r
sp
ec
ifi
c
an

ti‐
tu
m
ou

r
im

m
un

ity
(1
81

).
Tu

m
ou

r
an

tig
en

‐lo
ad

ed
D
C
va
cc
in
es

ha
ve

be
en

in
tr
od

uc
ed

in
th
e
cl
in
ic
w
ith

so
m
e
su
cc
es
s,

bu
t
lim

ite
d
ef
fe
ct
iv
e

im
m
un

e
in
du

ct
io
n,

po
ss
ib
ly

as
a
re
su
lt
of

in
ef
fi
ci
en

t
de

liv
er
y
to

ly
m
ph

no
de

s.

Fe
ru
m
ox
id
e‐
la
be

lle
d,

an
tig

en
‐p
ul
se
d

D
C
va
cc
in
e

M
el
an

om
a
an

tig
en

‐p
ul
se
d,

D
C
va
cc
in
e
ge

ne
ra
te
d
fr
om

ad
he

re
nt

pe
rip

he
ra
l
bl
oo

d
m
on

on
uc
le
ar

ce
lls

Fe
ru
m
ox
id
e
SP

IO
(a
dd

ed
at

20
0
µg

/m
L,

3
da

ys
af
te
r

co
m
m
en

ce
m
en

t
of

D
C
cu
ltu

rin
g
an

d
pr
io
r
to

D
C

m
at
ur
at
io
n)

Ei
gh

t
st
ag

e‐
III

m
el
an

om
a
pa

tie
nt
s
re
ce
iv
ed

th
e
SP

IO
‐lo

ad
ed

D
C
va
cc
in
at
io
n
by

in
tr
an

od
al

in
je
ct
io
n
on

da
y
0.

O
n
da

y
2,

in
vi
vo

M
RI

(3
T)

w
as

co
nd

uc
te
d,

fo
llo
w
ed

by
ex

vi
vo

M
RI

(7
T)

of
di
ss
ec
te
d
ly
m
ph

no
de

s.
Pr
e‐

an
d
po

st
‐c
el
l
in
je
ct
io
n

T 2
*‐
w
ei
gh

te
d
M
G
RE

in
vi
vo

M
RI

de
m
on

st
ra
te
d
a
si
gn

ifi
ca
nt

de
cr
ea
se

in
si
gn

al
in
te
ns
ity

at
th
e
in
je
ct
io
n
si
te
.T

ur
bo

SE
im

ag
es

en
ab

le
d
lo
ca
lis
at
io
n
of

th
e

si
gn

al
de

cr
ea
se

to
th
e
ly
m
ph

no
de

.A
n

ex
ce
lle
nt

co
rr
el
at
io
n
w
as

se
en

be
tw

ee
n

hy
po

in
te
ns
e
ar
ea
s
on

ex
vi
vo

M
RI

an
d

re
gi
on

s
co
nt
ai
ni
ng

la
rg
e
nu

m
be

rs
of

SP
IO
‐

po
si
tiv

e
ce
lls

(a
s
de

te
rm

in
ed

hi
st
ol
og

ic
al
ly
).

Th
is
st
ud

y
de

m
on

st
ra
te
s
th
e
po

te
nt
ia
lu

se
of

M
RI

fo
r
tr
ac
ki
ng

th
er
ap

eu
tic

ce
lls

in
vi
vo

(5
3)

A
dv

an
ta
ge

ou
sl
y,

im
m
at
ur
e

D
C
s
na

tu
ra
lly

en
do

cy
to
se

ce
rt
ai
n
co
nt
ra
st
ag

en
tl
ab

el
s

in
su
bs
ta
nt
ia
la
m
ou

nt
s
(4
9)

G
d
‐c
on

tr
as
t

ag
en

t‐
la
be

lle
d

D
C
s

D
C
s
(iD

C
s)

cu
ltu

re
d
fr
om

ra
t
bo

ne
m
ar
ro
w

Pr
oh

an
ce

(G
d(
III
)‐

H
P‐
D
O
3A

)
(a
dd

ed
at

25
m

M
,6

da
ys

af
te
r

co
m
m
en

ce
m
en

t
of

In
iti
al
ly
,T

1
‐
an

d
T 2
‐
w
ei
gh

te
d
M
RI

w
er
e

co
nd

uc
te
d
fo
r
lo
ca
lis
at
io
n
of

9L
gl
io
m
a

ra
t
br
ai
n
xe
no

gr
af
ts
.C

on
tr
ol

or
G
d‐
co
nt
ra
st

ag
en

t‐
la
be

lle
d
D
C
s
w
er
e
in
je
ct
ed

(5
6)

(C
on

tin
ue
s)

MR ASSESSMENT OF ROLE OF TUMOUR MICROENVIRONMENT IN THERAPY RESPONSE

NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm

619



Ta
b
le

2.
(C
on

tin
ue
d)

C
on

tr
as
t
ag

en
t
ta
rg
et

C
on

tr
as
t
ag

en
t

co
m
pl
ex

Ta
rg
et
in
g
m
ol
ec
ul
e

C
on

tr
as
t
m
oi
et
y

Va
lid

at
io
n
an

d
co
nc
lu
si
on

s

D
C
cu
ltu

rin
g
an

d
pr
io
r

to
D
C
m
at
ur
at
io
n)

in
tr
at
um

or
al
ly

an
d
th
e
im

ag
in
g
pr
ot
oc
ol

w
as

re
pe

at
ed

w
ith

in
30

m
in

of
D
C

ad
m
in
is
tr
at
io
n.

Th
e
pe

rc
en

ta
ge

co
nt
ra
st

en
ha

nc
em

en
t
(%

C
E)

w
as

ca
lc
ul
at
ed

us
in
g

th
e
pr
e‐

an
d
po

st
‐
D
C
M
RI
s.
A
si
gn

ifi
ca
nt

di
ff
er
en

ce
w
as

ob
se
rv
ed

be
tw

ee
n
%
C
E
of

tu
m
ou

r
in
je
ct
ed

w
ith

la
be

lle
d
D
C
s
ve
rs
us

tu
m
ou

rs
in
je
ct
ed

w
ith

un
tr
ea
te
d
D
C
s.

La
be

lli
ng

ha
d
no

ap
pa

re
nt

ef
fe
ct

on
in
te
ra
ct
io
ns

be
tw

ee
n
D
C
s
an

d
N
K
ce
lls
.

Th
is
w
or
k
su
pp

or
ts

th
e
co
nt
in
ue

d
de

ve
lo
pm

en
t
of

Pr
oh

an
ce

as
a
m
ea
ns

of
la
be

lli
ng

im
m
un

e
ce
lls

to
m
on

ito
r
th
ei
r

de
liv
er
y,
tr
af
fi
ck
in
g
an

d
lo
ca
lis
at
io
n

Tu
m
ou

r‐
as
so
ci
at
ed

m
ac
ro
ph

ag
es

(T
A
M
s)

TA
M
s
in
va
de

th
e
tu
m
ou

r
st
ro
m
a
in

m
an

y
ca
nc
er
s,

pa
rt
ic
ip
at
in
g
in

tu
m
ou

r
in
va
si
on

,a
ng

io
ge

ne
si
s
an

d
m
et
as
ta
si
s
fo
rm

at
io
n,

an
d

ar
e
th
er
ef
or
e
as
so
ci
at
ed

w
ith

a
po

or
pr
og

no
si
s.

TA
M
s
in
te
ra
ct

w
ith

in
fi
ltr
at
in
g
ly
m
ph

oc
yt
es

an
d

m
ay

su
pp

ly
im

m
un

os
up

pr
es
si
ve

si
gn

al
s

to
at
te
nu

at
e
an

tit
um

ou
r

T‐
ce
ll
ac
tiv
ity

N
an

op
ar
tic
le
s
w
ith

hi
gh

af
fin

ity
fo
r
TA

M
s

D
ex
tr
an

‐c
oa

te
d
cr
os
s‐
lin

ke
d
iro

n
ox
id
e
(C
LI
O
)

m
ag

ne
to
flu

or
es
ce
nt

na
no

pa
rt
ic
le
s:
A
M
TA

68
0

(s
ho

w
n
to

se
le
ct
iv
el
y
la
be

l
en

do
ge

no
us

TA
M
s)

T 2
‐w

ei
gh

te
d
RA

RE
se
qu

en
ce

M
RI

w
as

pe
rf
or
m
ed

at
7
T
bo

th
be

fo
re

an
d
24

h
af
te
r

in
je
ct
io
n
of

A
M
TA

68
0
in

a
m
ur
in
e
so
ft
‐

tis
su
e
sa
rc
om

a
m
od

el
.M

RI
id
en

tifi
ed

su
bm

ill
im

et
re

fo
ci

of
hy

po
in
te
ns
e
si
gn

al
ge

ne
ra
te
d
by

th
e
A
M
TA

68
0‐
la
be

lle
d
TA

M
s.

D
ep

le
tio

n
of

th
e
en

do
ge

no
us

TA
M

po
pu

la
tio

n
ca
us
ed

by
an

ti‐
TA

M
th
er
ap

y
w
as

de
m
on

st
ra
te
d
by

fl
uo

re
sc
en

ce
m
ol
ec
ul
ar

to
m
og

ra
ph

y
bu

t
no

t
M
RI
.

Th
is
w
or
k
de

m
on

st
ra
te
s
th
at

M
RI

su
cc
es
sf
ul
ly

de
te
ct
s
A
M
TA

69
0‐
la
be

lle
d

TA
M
S,

al
lo
w
in
g
in

vi
vo

tr
ac
ki
ng

an
d

lo
ca
lis
at
io
n
w
ith

th
e
po

te
nt
ia
lt
o

di
ag

no
se

tu
m
ou

r
pr
og

re
ss
io
n
an

d
fo
llo
w

re
sp
on

se
to

th
er
ap

y

(5
7)

BO
A
,b

is
‐o
le
at
e;

EC
M
,e

xt
ra
ce
llu
la
r
m
at
rix

;G
dD

O
TA

,g
ad

ol
in
iu
m
‐t
et
ra
az
ac
yc
lo
do

de
ca
ne

te
tr
aa
ce
tic

ac
id
;G

dD
TP

A
,g

ad
op

en
ta
te

di
m
eg

lu
m
in
e;

G
D
P,

gu
an

os
in
e
di
ph

os
ph

at
e;

G
TP

,
gu

an
os
in
e
tr
ip
ho

sp
ha

te
;m

A
b,

m
on

oc
lo
na

la
nt
ib
od

y;
M
G
RE

,m
ul
ti‐
gr
ad

ie
nt

ec
ho

;R
A
RE

,r
ap

id
ac
qu

is
iti
on

w
ith

re
la
xa
tio

n
en

ha
nc
em

en
t;
SP

IO
,s
up

er
pa

ra
m
ag

ne
tic

iro
n
ox
id
e;

TG
F,

tr
an

sf
or
m
in
g
gr
ow

th
fa
ct
or
.

L. K. BELL ET AL.

wileyonlinelibrary.com/journal/nbm Copyright © 2011 John Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635

620



MR ASSESSMENT OF ROLE OF TUMOUR MICROENVIRONMENT IN THERAPY RESPONSE
be further enhanced (27). Importantly, the relatively low sensitivity
of detection of MRI compared with either single photon emission
computed tomography (SPECT) or positron emission tomography
(PET) means that, in order to be sufficiently effective, MRI probes
must either be multivalent, e.g. consisting of multiple chelated
Gd3+ ions, or be limited to the detection of high‐density epitopes
(≥106 receptors per cell) (28). These limitations have necessitated
the development of amplification strategies in order to improve
SNR, in addition to targeting the probe successfully.
Initial attempts to target molecules/receptors of the TME

employed gadolinium‐conjugated monoclonal antibodies (mAbs).
However, mAbs have undesirable pharmacokinetic properties,
such as longbloodplasma circulation times, large size and requisite
high protein doses. These properties hinder solid tumour
penetration, meaning thatmAbs are better suited for the detection
of vascular rather than tumour cell‐specific targets. Furthermore,
nontarget biodistribution of mAbs is substantial, with uptake
apparent in the liver and spleen. Finally, in spite of the high target
receptor specificity and affinity exhibited by mAbs, optimal
contrast can take 24–48h to manifest, which complicates clinical
application (29). The direct conjugation of gadolinium chelates to
targeting moieties represents another method by which the
specificity of targeting can be ensured, and an application to the
TME has been reported (30). We continue by discussing those
aspects of the TME that have been evaluated using the various
means described of generating MR‐based contrast.
VASCULATURE

To satisfy its requirement for a sufficient supply of nutrients and
oxygen, the tumour develops its own blood vascular network,
and tumour vasculature is probably the most intensively
investigated aspect of the TME (Fig. 2). Most tumour vascular
networks are structurally and functionally abnormal, and, in
Endothelial 

Nucleolin

VEGF

Integrin 

CD105

CD13

MNPs GdDTPA SPIOs/USPIOs

Blood 
vessel 

lumen

Extravascular 
Extracellular Space

Figure 2. Tumour vasculature. Numerous tumour vascular markers have
been imaged by active targeting of antibodies and peptides coupled to
contrast moieties. Tumour perfusion can be pharmacokinetically
modelled using dynamic contrast‐enhanced MRI (DCE‐MRI) data.
GdDTPA, gadopentate dimeglumine; MNP, magnetic nanoparticle; SPIO,
superparamagnetic iron oxide; USPIO, ultrasmall superparamagnetic iron
oxide; VEGF, vascular endothelial growth factor.

NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wi

62
particular, their perfusion and permeability characteristics differ
from those of non‐neoplastic tissues (31).

A number of techniques have been used to evaluate the
vasculature and response to vascular disrupting agents (VDAs) and
antiangiogenics. These include DCE‐MRI and less commonly used
methods, such as susceptibility contrastMRI, vessel size index and a
combinationof dynamic susceptibility‐weighted perfusionMRI and
dynamic gadolinium‐enhanced MRI. By using probes specifically
targeted tomarkers of angiogenesis and aspects of the vasculature,
such as integrins and cell surface nucleolins, MRI can provide more
information on the underlying physiological processes.

DCE‐MRI has proven to be an invaluable tool in the
noninvasive assessment of tumour microvasculature character-
istics, and is already a mainstream diagnostic modality for many
tumour types in radiological practice (31). DCE‐MRI can
differentiate between benign and malignant neoplasms on the
basis of their respective microcirculations (16). The tumour
vasculature is a key therapeutic target and DCE‐MRI has had
considerable success in clinical trials by providing imaging
biomarkers for the effectiveness of many antiangiogenic drugs
and VDAs (17). For example, DCE‐MRI has been used to monitor
the effects of a tyrosine kinase inhibitor targeted to vascular
endothelial growth factor (VEGF). The effect of PTK787/
ZK222584 (PTK/ZK) was observed in patients with advanced
colorectal carcinoma (32). In this study, a significant negative
correlation between the percentage baseline bidirectional
transfer constant (Ki) and the increase in PTK/ZK oral dose and
plasma levels was observed. The authors suggested that the
methodology could be applied to define the pharmacological
response and dose of antiangiogenic therapies, such as PTK/ZK.
Galbraith et al. (33) used DCE‐MRI to investigate the antivascular
effect of the VDA combretastatin A4 phosphate (CA4P) on
human and rat tumours in vivo by monitoring the tumour
transfer constant K trans. Another VDA, ZD6126, disrupts the
tubulin cytoskeleton of proliferating neo‐endothelial cells,
resulting in tumour blood vessel destruction and congestion
and haemorrhagic necrosis (34). DCE‐MRI and multi‐gradient
echo (MGRE) have been used to study ZD6126‐treated rat GH3
prolactinomas and RIF1 fibrosarcomas. Robinson et al. (34)
demonstrated that ZD6126 (50mg/kg) treatment reduced the
initial area under the concentration–time curve (IAUC) to zero
across the majority of the tumour, and a further example of this
dramatic effect is depicted in Fig. 3. A decrease in R2* observed
24 h post‐treatment was explained by the agglomeration
of erythrocytes in small focal areas. The changes in DCE‐MRI end‐
points were attributed to a dose‐dependent induction of massive
core tumour necrosis, which was confirmed histologically. A
continuation of this work later confirmed that IAUC, and hence
tumour perfusion, does not recover, even at 96h post‐treatment
(35). ZD6126 has also been evaluated in a prostate cancer
xenograft model using diffusion and vascular imaging. This study
reported a significantly lower tumour vascular volume 24h after
therapy. Diffusion changes in the tumour were evident at 48 h and
also correlated with necrosis (36). ZD6126 has undergone phase I
and II clinical trial testing: Phase I studies showed antivascular
effects on DCE‐MRI, but there were dose‐limiting cardiac side‐
effects (37). Two phase II trials in metastatic colorectal and renal
cancer were stopped because of cardiac toxicity (38).

Recently, alternative MRI methods, including susceptibility
contrast MRI and vessel size index MRI, have been used for the
assessment of rat tumour response to various antivascular
treatments (39–41). Using vessel size index MRI, Howe et al. (41)
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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A B

Figure 3. Dynamic contrast‐enhanced MRI (DCE‐MRI) detects tumour
response to the vascular disrupting agent, ZD6126. Representative quan-
titative maps of IAUC60 (IAUC, initial area under the concentration–time
curve) for gadopentate dimeglumine (GdDTPA) of a rat GH3 prolactinoma
before (A) and 24h after (B) treatment with ZD6126 (50mg/kg). Note the
dramatic reduction in IAUC60 in the core of the tumour, resulting from
the reduction in blood flow in response to the agent. These data were
normalised to the median muscle value to reduce the effect of variations
in arterial input function between scans. The scale bar therefore represents
0–3 times the median muscle value in this particular rat. Figure courtesy of
Dr D. J. O. McIntyre and Dr S. P. Robinson (unpublished data).
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monitored the effect of the VDA 5,6‐dimethylxanthenone
4‐acetic acid (DMXAA) on the estimated fractional blood volume
(fBV) in rat GH3 prolactinoma xenografts. To determine fBV and
the vessel size index (Rv), an ultrasmall superparamagnetic iron
oxide particle (USPIO) (Ferumoxtran‐10) challenge was adminis-
tered, which induced large susceptibility changes by increasing
R2*, detected by MGRE. USPIOs remain in the vessel, unlike
gadopentate dimeglumine (GdDTPA), and therefore measure
vessel size but not permeability. The changes observed in fBV
and Rv imaging biomarkers were consistent with the known mode
of action of DMXAA. The response of rat GH3 prolactinoma
xenografts to ZD6126 has also been measured by susceptibility
contrast MRI (39). This study made use of an alternative USPIO
(Feruglose) and demonstrated a highly significant reduction in
tumour fBV at 24 h post‐treatment. Here, the authors suggested
that, compared with DCE‐MRI, susceptibility contrast MRI may
provide a more robust approach for assessing the individual
effects in combination therapies designed to eliminate the viable
tumour rim and enhance the activity of ZD6126 (39). Using
intrinsic susceptibility, McPhail et al. (40) studied the effects of
DMXAA and CA4P on rat GH3 prolactinomas, without the need for
USPIO administration. Changes in R2* were detected as an imaging
biomarker of tumour vascular response to VDA therapy. A
significant decrease in R2* was observed in CA4P‐treated tumours
alone andwas attributed to reduced tumour blood volume caused
by prolonged CA4P‐induced vascular collapse. These results
indicated that CA4P was more effective than DMXAA in this rat
tumour model.

A combination of dynamic susceptibility‐weighted perfusion
MRI, using the USPIO Ferumoxytol (providing T2*‐weighted data),
and dynamic gadodiamide‐enhanced MRI (providing T1‐weighted
data) to assess vascular permeability has recently shown promise
for the accurate detection of the therapeutic response to
antiangiogenic therapy in a U87 human glioma xenograft model.
Varallyay et al. (42) reported that, following a single dose of
bevacizumab, a statistically significant decrease in relative cerebral
blood volume (determined using the USPIO Ferumoxytol) was
observed up to 72h post‐contrast. In addition, the time‐to‐peak,
determined by gadodiamide‐enhanced MRI, demonstrated a
statistically significant decrease at 48 and 72h post‐contrast.
Changes in both relative cerebral blood volume and time‐to‐peak
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
were normalised and compared with untreated controls. This study
enabled the simultaneous in vivo assessment of U87 glioma
xenograft perfusion and permeability in response to antiangio-
genic bevacizumab therapy. However, the mechanisms underlying
the observed physiological responses are not yet fully understood.
The authors emphasise the need to identify specific biomarkers
when enhancement alone is clearly insufficient in the accurate
assessment of response.
Although DCE‐MRI kinetic parameters have long been used

as markers of response to antiangiogenic agents and VDAs,
they do not shed light on the physiological mechanisms
underlying the response. This is an area in which specifically
targeted MRI probes show potential utility. A number of markers
of angiogenesis have now been targeted, including VEGF,
integrins and cell surface nucleolin.
A study by Reddy et al. (43) demonstrated the efficacy and

versatility of multifunctional MNPs for targeting photodynamic
therapy (PDT) to brain tumours in vivo. PDT makes use of
photosensitising drugs which, when excited, react with molecular
oxygen in situ to generate cytotoxic reactive oxygen species and
cause tissue necrosis. Multifunctional MNPs consisting of encap-
sulated iron oxide and Photofrin, a sensitiser required for effective
photo‐irradiation, were conjugated to the F3 peptide which binds
to nucleolin on tumour angiogenic endothelium, allowing the
targeting of therapy. In a 9L glioma xenograft model, MRI was used
to demonstrate the uptake and distribution of multifunctional
MNPs. Treatmentwith PDT led to increased survival comparedwith
nontargeted PDT.
Integrins are cell adhesion molecules; within the TME, they are

expressed on endothelial cells and tumour cells. By mediating
movement and invasion, they play key roles in metastasis and
angiogenesis; they are also involved in cross‐talk with growth
factor receptors (44). Integrin αvβ3, the most studied by MRI, binds
to the RGD (arginine–glycine–aspartic acid) tripeptide sequence
present on proteins such as fibronectin. Integrin αvβ3 expression is
up‐regulated in both tumour cells and angiogenic endothelial cells.
Imaging of αvβ3 has been performed with MNPs (45) allowing the
noninvasive detection of levels of angiogenesis in vivo (46–50)
(Table 2). The quantification of αvβ3 expression could potentially be
used to monitor the treatment response to antiangiogenics, or
even in the selection of patients most likely to respond to
treatment with antiangiogenics; however, as yet, there are no
studies reporting on tumour response to therapy. Other vascular
targets for MRI include CD105 (expressed on immature tumour
vessels) (51) and CD13 (expressed on activated endothelial cells)
(52): these are summarised in Table 2.
TARGETING OF IMMUNE CELLS

Motile, infiltrating immune cells are a key feature in the ECM and
have an important role to play in the potential treatment of
tumours. Cellular therapies using stem cells or immune cells are
increasingly being applied in clinical trials, although immune
responses are evoked only in a minority of patients, possibly
because of the ineffective delivery of cells to target organs (53). MRI
can be used to track immune cells that have been labelled with
MNPs (Fig. 4). MNP‐labelled natural killer (NK) cells targeted against
the Her‐2/neu receptor have been shown to accumulate in a
mousemammaryNIH 3T3 xenograft, as summarised in Table 2 (54).
Tumour antigen‐loaded dendritic cell (DC) therapy enhances the

immune response raised against the tumour, and is currently an
ohn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635
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Figure 4. Imaging immune cells. MRI has been used to track immune
cells in the tumour microenvironment by labelling motile immune cells
with various contrast moieties: (A) Magnetic nanoparticle (MNP)‐labelled
T‐lymphocytes; (B) MNP‐loaded natural killer (NK) cells targeted to the
Her2/neu receptor; (C) dendritic cells (DCs) engulf superparamagnetic
iron oxide (SPIO) particles and present antigen to immature cells in
the lymph nodes (inset); (D) AMTA680‐labelled tumour‐associated
macrophages (TAMs). GdDTPA, gadopentate dimeglumine.
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accepted treatment option formelanoma. DCs engulf SPIOs as part
of their normal physiological phagocytic function (Fig. 4). de Vries
et al. (53) have been able to track in vitro‐generated, SPIO‐labelled
DCs loaded with tumour‐derived antigenic peptides administered
to stage III melanoma patients via intranodal injection. The authors
recommended their approach for extended clinical applications,
such as the monitoring of monocyte, granulocyte and lymphocyte
trafficking. Tumour infiltration by intraperitoneally injected iron
oxide‐labelled T‐cells has also been observed preclinically in vivo
and correlated with response. In a study by Hu et al. (55), T2‐
weighted MRI demonstrated that activated MNP‐labelled T‐cells
accumulated in tumours undergoing immune rejection/regression.
Sengar et al. (56) have also demonstrated the feasibility of
monitoring DC delivery, trafficking and localisation in vivo in 9L
glioma rat brain xenografts.
Tumour‐associated macrophages (TAMs) are bone marrow‐

derived mononuclear phagocytes that are recruited by tumours.
Within the TME, they participate in tumour invasion, angiogen-
esis and metastasis formation, and can modulate tumour‐specific
T‐cell immunity. An accumulation of TAMs is associated with a
poor prognosis, whereas the removal of TAMs has been shown to
lead to tumour regression in animal models (57). Studies by
Valable et al. (58) and Leimgruber et al. (57) have demonstrated
the feasibility of in vivo MRI tracking of macrophages labelled
with micrometre‐sized fluorescent particles of iron oxide and
MNPs, respectively. Leimgruber et al. (57) made use of dextran‐
coated MNPs (AMTA680) with an ability to selectively label TAMs
in vivo. The in vivo distribution of AMTA680‐labelled TAMs
was studied using MRI in a mouse soft‐tissue sarcoma model.
Submillimetre foci of hypointensity on T2*‐weighted images
(generated by the SPIO core of AMTA680) were observed 24 h
after the administration of AMTA680‐labelled TAMs. Fluorescence
molecular tomography, but not MRI, was used to quantitatively
assess changes in TAM populations in response to anti‐TAM
therapy (pro‐apoptotic clodronate‐loaded liposomes). This dem-
onstration of molecular imaging multiplexing has clinical
NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wi
potential for the monitoring of tumour progression, and for the
assessment of the efficacy of cellular‐based cancer therapies.
MEASUREMENT OF TME METABOLITES

MRS can be used both to detect and quantify a number of
metabolites, and also to measure the pH and energy status of
tumours; spatial images of the metabolite concentrations within
the TME can be produced using MRSI. Many studies have
evaluated the MR spectra of tumours relative to those of normal
tissue, as well as the MRS changes in response to chemotherapy,
radiotherapy and molecularly targeted therapies; there are
several excellent recent reviews of this area (59,60). 1H MRS,
the most widely used method, provides the highest sensitivity of
detection, allowing the spatial distribution of metabolites within
a tumour (e.g. choline, creatine, myo‐inositol or lactate) to be
imaged by MRSI.

In the present context, it is important to recognise that the
metabolite signals detected byMRSwill include contributions from
the tumour cells, the cellular component of the TME and the TME’s
extracellular compartment. In MRS evaluation of prostate cancer,
for instance, extracellular citrate is an important factor, as it is
present in normal prostate and reduced or absent in prostate
cancer (61). A number of studies have shown that prostate tumours
have increased ratios of choline (mainly in the tumour cells) to
citrate (mainly in the extracellular TME) (62). The decrease in citrate
seen in malignancy is possibly a result of changes in cellular
function and a loss of ductal morphology, with the replacement of
glands by tumour cells leading to reduced luminal space and
therefore reduced citrate (63). Most studies have concentrated on
the diagnosis and grading of prostate cancer; however in response
to hormone therapy, loss of citrate correlated roughly with
decreasing serum prostatic specific antigen levels (64). 1H MRS
has also been used to evaluate the extracellular compartment of
the brain. A trial of single‐voxel MRS of peritumoral oedema was
performed in 23 patients with various brain tumours (gliomas,
metastases and meningiomas) (65). Glutamate levels in peritumor-
al oedemawere significantly elevated in tumours of nonglial origin
compared with glial tumours or normal white matter. This was
thought to be a result of the expansion of the extracellular space
caused by oedema. Many anticancer treatments are pro‐apoptotic.
During apoptosis, there is an accumulation of cytoplasmic lipid
vesicleswhich are detectable by 1HMRS. Changes in tumour lipid in
response to therapy have also been monitored by 1H MRS in
lymphoma and glioma models (66,67).

19F MRS can also be used to investigate the effect of the TME on
the uptake of the fluorinated drug 5‐fluorouracil (5‐FU), as the
active drug species – phosphorylated anabolites – are only
formed intracellularly. A study by Gade et al. (68) used 31P/19F
MRS to evaluate tumour bioenergetics and the delivery of 5‐FU to
subcutaneous tumours in mice that had been treated with type I
collagenase to degrade collagen, a major constituent of the
tumour matrix. In mice treated with collagenase, the tumour
interstitial fluid pressure (IFP) was reduced significantly compared
with controls, but the tumour blood flow was unaltered. 19F MRS‐
measured levels of 5‐FU were found to be, on average, 1.5 times
higher in mice treated with collagenase than in untreated
mice. However, this did not result in higher levels of the anabolite
fluoronucleotides that are required for 5‐FU cytotoxicity,
and there was no significant difference in tumour growth rates
between mice treated with collagenase + 5‐FU and controls.
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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MEASUREMENT OF TME pH

The TME is frequently characterised by an acidic extracellular
pH (pHe), with typical values in the range pH 6.3–6.99 (11);
it can be detected by MRS of an extracellular probe, such as
3‐aminopropylphosphonate, which allows the simultaneous
measurement of pHe and the intracellular pH (pHi) by

31P MRS
(69). To improve spatial resolution, pH‐sensitive spectroscopic
imaging probes have been developed for use with 1H or 19F MRSI
(70,71). For example, imidazol‐1‐yl‐3‐ethoxycarbonylproprionic
acid (IEPA) and 2‐imidazol‐1‐yl succinic acid (ISUCA) have been
used in conjunction with 1H MRSI to generate localised pHe maps
of tumours in mice and rats, with a resolution approaching 1mm3

(72,74).
In the last decade, pH‐sensitive gadolinium chelate contrast

agents have been developed to generate pHe maps in tumours
with 1H MRI resolution (75,76). However, this MRI T1 relaxometry
technique requires correction for the concentration of the
contrast agent in each image pixel, necessitating the adminis-
tration of a second pH‐insensitive contrast agent with a similar
pharmacokinetic profile to the pH‐sensitive contrast agent,
which, in practice, is very difficult to achieve in vivo (77).
However, very recently, the development of a pH‐sensitive
bimodal MR PET agent has enabled the direct determination of
pHe‐dependent T1 relaxation by MRI and the concentration of
the agent itself by PET (78). A number of researchers have used
MRI techniques, such as amide proton transfer (APT) and
chemical exchange saturation transfer (CEST) imaging, to
determine pH in solutions and in vivo (79–81).

There would be many potential clinical applications of pH
imaging should the many barriers to translation, particularly
the potential toxicity of pH imaging agents (82), be overcome.
In addition, the inherently low sensitivity of MRS makes it
difficult to obtain high‐resolution pHe maps without a
prohibitively long acquisition time (83), and the detection of
the relatively small pH‐dependent chemical shift exhibited by
these agents and accurate estimation of pHe may not be
feasible at clinically relevant field strengths. However, recent
work using nontoxic hyperpolarised 13C‐bicarbonate to gener-
ate pHe maps of the TME by 13C MRSI in an experimental
tumour model offers hope of a pHe imaging technique that
could be translated into the clinic (82). The dramatically higher
sensitivity of hyperpolarised 13C MRSI also affords a significant
reduction in acquisition time.

In the context of monitoring the TME response to therapeutic
intervention, perhaps the most exciting use of pHe imaging lies in
its potential to assess the efficacy of drugs targeting tumour
metabolism. Imaging pHe offers an attractive way to monitor the
efficacy of this class of drug, because the end‐products of central
carbon metabolism are invariably acids, e.g. lactate and carbonic
acids (84). Such drugs are predicted to affect pHe to a greater
extent than pHi because tumour cells adopt mechanisms to
maintain a relatively constant pHi, whereas the extracellular space
in tumours is poorly buffered (85), and H+ ions are inefficiently
cleared by the typically abnormal tumour vascular network (86).
Noninvasive monitoring of tumour pHe by MR therefore offers an
attractive means of determining the efficacy of these drugs in
preclinical and clinical development.

The measurement of the pHe of the TME also has potential
value in predicting the likelihood of conventional cytotoxic
drugs gaining entry to the cancer cell, and therefore the
potential benefit of the treatment. Drug delivery into the cancer
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
cell is affected not only by tumour perfusion and the stromal
compartment, but also by pHi and pHe (87). The antitumour
activities of several weakly ionising chemotherapeutic drugs
have been shown to be affected by the action of the
transmembrane pH gradient on the distribution of charged
and uncharged species of the drug in the intra‐ and extracellular
spaces (the ‘ion trapping’ phenomenon) (88). As a consequence
of the acidic pHe, weakly basic chemotherapeutic drugs, such as
doxorubicin, mitoxantrone, vincristine and vinblastine (with acid
dissociation constants pKa of 7.5–9.5), are protonated and
become trapped in the extracellular space (89). This physiolog-
ical drug resistance has been demonstrated to reduce the
cellular uptake of such weakly basic compounds in vitro (90) and
in vivo (91), and has led to attempts to improve drug delivery by
alkalinising the extracellular space with bicarbonate (91).
Conversely, low pHe has been shown to promote the entry of
weakly acidic drugs, such as chlorambucil and cyclophospha-
mide, into the cell (92). Imaging of pHe and the measurement of
pHi by

31P MRS permit the estimation of the transmembrane pH
gradient, which can then be used to predict which class of drug
is more effectively delivered into the cell. This information could
aid in the selection of patients with tumours that have steep
transmembrane pH gradients, for whom one would tailor
chemotherapy to avoid the use of weakly basic drugs in favour
of weakly acidic drugs.
MEASUREMENT OF TME TEMPERATURE

In normal tissues, heat induces a prompt increase in blood flow,
accompanied by dilation of vessels and an increase in perme-
ability of the vascular wall (93). Comparedwith normal tissues, the
capacity of tumour blood flow to increase on heating is limited.
The tumour vasculature is therefore less able to dissipate heat
and more likely to be damaged when treated with hyperthermia.
Consequently, tumours tend to develop higher temperatures
than surrounding normal tissues during heating, and thus
greater heat damage occurs within tumours (93). In tumours,
increased blood flow and decreased oxygen demand ultimately
result in an increase in tumour tissue oxygenation. Hyperthermia
may therefore represent the best hypoxic radiosensitiser
available (94).
Various MR‐based methods of determining tissue tempera-

ture in vivo have been described and concisely reviewed (95).
Peller et al. (96) have demonstrated that relative changes in T1
are linearly correlated with temperature over a range of
hyperthermia‐relevant temperatures (32–44 °C) in amelanotic
melanoma A‐MEL‐3 xenografts, and that T1 allows the in vivo
assessment of both temperature changes and tissue changes at
low and high thermal doses, respectively. MR thermometry
alongside ablative therapy is also being implemented in the
clinic. In 2003, Dick et al. (97) demonstrated that MR‐guided laser
thermal ablation (LTA) of hepatic tumours is feasible, safe and
efficacious, reducing viable hepatic tumour tissue by 50.7% after
4–6weeks. Colourised T1‐weighted thermal maps generated in
near real time exhibited moderate correlation with follow‐up
gadolinium‐enhanced MRI and were useful in predicting the
ablated area (97). Martin (98) described interventional MRI (iMRI)
as the current standard of care in estimating hepatic tumour
thermometry during ablative therapy, although this review
focused on ablative techniques in general rather than the
specific iMRI methods; it also emphasised the need for
ohn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635



MR ASSESSMENT OF ROLE OF TUMOUR MICROENVIRONMENT IN THERAPY RESPONSE
continued evaluation of iMRI to establish common guidelines for
all patients undergoing hepatic tumour ablation. Gellerman et al.
(99) have employed the proton resonance frequency shift
method to demonstrate the feasibility of using noninvasive MR
thermometry to monitor tumour temperature changes during
regional hyperthermia in nine patients with high‐risk soft‐tissue
sarcomas. In an ongoing feasibility study using the same
methodology, Siddiqui et al. (100) have shown that it is possible
to use MRI‐guided high‐intensity ultrasound therapy to accu-
rately target localised prostate tumours in patients.
MEASUREMENT OF TME OXYGENATION

It is widely acknowledged that tumour cell hypoxia influences
the treatment and progression of cancer. Molecular oxygen is
required for the fixation of radiation damage to DNA, so that
high metabolic consumption as well as the compromise of
oxygen delivery by inadequate perfusion result in resistance to
radiotherapy. The poor vascular perfusion of tumours, which is
responsible for hypoxia (Fig. 5), also impairs drug delivery, thus
reducing the efficacy of chemotherapy (11). Although there is
increasing interest in the feasibility of imaging hypoxia in vivo,
there is currently no gold standard available for the assessment
of tumour hypoxia in patients. The development of a
noninvasive MR‐based means of assessing tumour oxygenation
in vivo would have important implications for the effective
treatment of cancer; enabling radiologists to both detect and
evaluate tumour oxygenation prior to radiation therapy, and also
to monitor response to tumour oxygenating agents, which
may be administered in an attempt to overcome radiation
resistance (101,102). We review a number of direct and indirect
MR‐based techniques being applied to the in vivo evaluation of
TME oxygenation.
In 2000, Cooper et al. (103) investigated the relationship

between tumour oxygenation and DCE‐MRI parameters in an
attempt to identify a noninvasive technique for the in vivo
detection of tumour oxygenation. DCE‐MRI data were acquired
Blood 
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Figure 5. Tumour microenvironment: physical effects. Tumour partial
oxygen pressure, pH, water content/mobility and temperature are factors
that influence the functionality of the tumour microenvironment, all of
which can be probed using various MR techniques.
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for a series of patients with locally advanced carcinoma of the
cervix, pre‐ and post‐external beam radiotherapy. The time–
intensity curve was used to calculate the increase in SI over
baseline, which had previously been shown to correlate closely
with pharmacokinetic parameters. DCE‐MRI data were compared
with tumour oxygenation levels determined by polarographic
needle electrode measurements, and a significant correlation
between tumour oxygenation and the increase in SI was
observed. However, correlations between DCE‐MRI and the
partial oxygen pressure (pO2) are inevitably indirect because
DCE‐MRI provides estimates of tumour vascular flow, volume
and permeability, rather than tumour hypoxia or oxygen
delivery and consumption (104,105).

Blood oxygen level‐dependent (BOLD) MRI is an alternative
means of measuring oxygenation of the TME, although it is not
possible to measure absolute pO2 by this method. Instead, BOLD
contrast is generated by a period of intervention, e.g. breathing
hyperoxic gas, which alters the ratio of deoxygenated and
oxygenated haemoglobin species in the blood, modulating
tissue R2*. This permits the detection of relative changes in
paramagnetic deoxyhaemoglobin concentration and blood flow
in tumours, using T2*‐sensitive sequences such as gradient
recalled echo (11). Since the first example of BOLD changes in
contrast in 1990, several studies in tumour models have
indicated a correlation with relative pO2 (106–109). Differing
BOLD contrast has been used widely as an in vivo marker of
changing tumour oxygenation (110,111).

Griffiths et al. (112) used BOLD to study the response of
tumours in patients to breathing carbogen. Half of the tumours
studied demonstrated enhanced SI following carbogen breath-
ing, consistent with improved tumour oxygenation and blood
flow. A lack of enhancement was postulated to be a result of
poor perfusion, necrosis, hypoxic tissue (which did not respond
to carbogen) or fully oxygenated tissue. There was evidence of
heterogeneity of response, even within a single tumour, and also
of ‘steal’ phenomena, where vasodilation in one region of the
tumour steals the blood from another region. However,
quantification of the BOLD effect in response to carbogen is
complicated because changes in SI are affected not only by
tissue pO2, but also by tissue pH, haematocrit and flow (11). In
addition, breathing carbogen is uncomfortable for the patient.

BOLD has also been evaluated for the real‐time observation
of antivascular PDT in solid M2R mouse melanoma xenografts
(113). Gross et al. (113) investigated whether antivascular
PDT‐induced photoconsumption of oxygen and the consequent
haemodynamic effects could be detected by a change in BOLD
contrast. This study reported on a new family of photosensitising
agents with superior properties to those in use in the clinic at
that time. The lead compound, TOOKAD‐PDT, started clinical
trials in 2002 for the treatment of prostate cancer. Following
TOOKAD‐PDT administration, a rapid decrease in BOLD contrast
was observed solely in the tumour region of interest. The greatest
effect was seen at the tumour rim, which was in agreement with
the spatial distribution of PDT‐induced lipid peroxidation. These
results suggested that a rapid, local, photosensitised MR BOLD
contrast was generated during PDT, and that photosensitised
BOLD MRI may provide the means for real‐time guidance and
assessment of PDT.

Using a combination of DCE‐MRI and BOLD‐MRI, Zhao et al.
(114) assessed R3327‐AT1 rat prostate tumour response to
continuous low‐dose metronomic chemotherapy (M‐CTX) alone,
or in combination with antiangiogenic thalidomide. Tumour
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm

5



L. K. BELL ET AL.

626
perfusion was evaluated on the basis of the area under the
signal intensity–time curve (AUC) generated using DCE‐MRI. A
shift to the left of the AUC histograms was observed with time
for all tumours, although the effect was more pronounced in
treated tumours. Significant changes in AUC were observed
for the centre of treated tumours by day 3, compared with
baseline and control tumours. However, R2* values did not
correlate with growth in the control group or in the M‐CTX or
M‐CTX + thalidomide therapy groups. Alonzi et al. (115) later
quantified the BOLD effect by the calculation of R2* values, and
demonstrated that breathing carbogen increases prostate
tumour oxygenation in PC3 and DU145 xenografts.

O’Connor et al. (105) described the application of a method
distinct from BOLD, termed oxygen‐enhanced imaging. Three‐
dimensional T1‐weighted MR images were acquired whilst
patients with advanced cancer of the abdomen or pelvis
underwent a period of breathing 100% oxygen, sandwiched
between periods of breathing medical air (21% oxygen). Serial
oxygen‐enhanced MR images were used to calculate tumour R1
values through time. Oxygen‐induced MRI ΔR1 values were
compared with the spatial distribution of perfusion, as
determined by DCE‐MRI. A statistically significant oxygen‐
induced ΔR1 was demonstrated in eight patients and found to
be independent of tumour mean basal R1 and tumour size.
Temporal evolution of ΔR1 was observed when the patients
switched from breathing medical air to 100% oxygen. This
preliminary study claims to provide the first clinical evidence
that oxygen‐enhanced MRI is feasible and well tolerated by
patients, and recommends further investigation into the use of
this method as a noninvasive technique of mapping changes in
tumour oxygen concentration. However, it may be that the
results presented in this study were confounded by hyperoxia‐
induced vasoconstriction, as discussed by Gillies et al. (11):
breathing carbogen during the intervention period is generally
preferred to breathing oxygen, as the hypercapnia induced by
carbogen is believed to block hyperoxic vasoconstriction.

Mason et al. (101) have proposed that, to fully characterise
tumour hypoxia noninvasively, a combination of assessment of
T1‐ and T2‐weighted changes induced by breathing hyperoxic
gases is needed. A technique such as dynamic oxygen challenge
evaluated by NMR T1 and T2* (DOCENT) would exploit both BOLD
and tissue oxygen level‐dependent (TOLD) contrast in order to
achieve a robust prognostic clinical test to reveal tumour hypoxia.

Tumour hypoxia has also been evaluated in vivo by the direct
measurement of TME pO2 using MR‐based methods, such as
Overhauser‐enhanced MRI (OMRI), 19F NMR spectroscopy,
electron paramagnetic resonance (EPR) oximetry, 1H MRS and
19F MRI (116,117).

19F MRI and MRS of perfluorocarbons (PFCs) and fluorinated
nitroimidazoles have been used extensively to detect tumour
hypoxia in vivo. The 19F spin–lattice relaxation rates of PFCs vary
linearly with increasing oxygen tension in vivo. The high
solubility of oxygen in PFC emulsions, coupled with the ability
to overlay 19F MRI images on conventional 1H MRI images,
means that a highly sensitive measure of tissue oxygen tension
can be obtained and accurate tumour pO2 maps can be
generated. Nitroimidazole compounds undergo bioreductive
metabolism in hypoxia and bind to tissue macromolecules.
Various fluorinated nitroimidazoles used for the detection of
hypoxia by 19F MRS/MRI (118–122) are discussed below.

Of the PFCs, perfluoro‐15‐crown‐5‐ether (15C5) and hexa-
fluorobenzene are considered to be the best, as they contain 20
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
and six magnetically equivalent fluorine atoms, respectively,
thus increasing the signal to noise of their 19F spectra. They are
minimally sensitive to temperature changes and give a spectrum
containing a single narrow peak, resulting in no chemical shift
artefact problems, straightforward mapping of PFC T1 and hence
the local oxygen concentration (123). 19F MRI has successfully
predicted that a combination of 15C5 and carbogen can
increase the radiosensitivity of subcutaneous rhabdomyosar-
comas (102). However, one of the limitations of PFCs is that
invasive microelectrodes (such as directly implanted PFC
droplets) usually give much lower tumour pO2 measurements
than in vivo MR measurements acquired following the intrave-
nous administration of PFCs, probably because intravenous
PFC is sequestered in a well‐oxygenated region close to the
tumour blood vessels (124,125). To combat the problems
associated with the intravenous administration of PFC
emulsion, or direct intratumoral injection of PFC droplets, Noth
et al. (126) subcutaneously co‐administered 15C5‐loaded
oxygen‐permeable alginate capsules together with tumour
homogenate (GH3 prolactinoma) in the flanks of Wistar Furth
rats in order to monitor changes in the TME pO2 by19F MRI
during 26 days of tumour growth, as well as the pO2 response to
various modifiers, including carbogen. An initial increase in
tumour pO2 was observed, probably indicating the onset of
neovascularisation (the ‘angiogenic switch’), followed by a
decrease after week 2, probably indicative of the development
of hypoxia/necrosis as the tumour outgrew its blood supply.
Breathing carbogen increased tumour pO2. The high sensitivity of
hexafluorobenzene as an indicator of tumour oxygenation has
also been demonstrated using 19F MRS (127).
Kodibagkar et al. (117) have described a novel 1H probe of

pO2, named hexamethyldisiloxane, which exhibits high sensitiv-
ity to changing pO2, little response to temperature and a single
1H resonance. This proof‐of‐concept study demonstrated the
feasibility of using a 1H probe for tumour hypoxia which could
be implemented on clinical scanners lacking 19F capability.
In 2004, Zhao et al. (128) reviewed methods for the

measurement of tumour oxygenation in vivo [for a summary,
see table 1 of ref. (128)]. They described a novel procedure,
known as fluorocarbon relaxometry using echo planar imaging
for dynamic oxygen mapping (FREDOM). This technique takes
tumour heterogeneity and fluctuations in intratumoral pO2 into
consideration and, as a result of the speed of imaging, allows
repeated quantitative maps of regional pO2 to be obtained
simultaneously at multiple individual locations. In 2007, Bourke
et al. (129) investigated the potential of FREDOM for predicting
the response to radiation therapy in hypoxic Dunning prostate
R3327‐AT1 tumours grown in Copenhagen rats. Using FREDOM,
large AT1 tumours were shown to have a significantly greater
hypoxic fraction and lower mean pO2 than smaller tumours.
The mean pO2 in large tumours responded to hyperoxic gas
breathing, but the hypoxic fraction resisted modulation, render-
ing the tumours resistant to radiotherapy. Better oxygenated
tumours showed better response to irradiation, and a correlation
between time to double in volume and pretreatment pO2
in individual tumours was shown. Together, these results
demonstrated the prognostic value of imaging PFCs and
strengthened the argument for the further development and
application of FREDOM, and its application in the clinical
evaluation of tumour oxygenation. Zhao et al. (109) went on to
compare their FREDOM technique with 1H BOLD MRI in the
evaluation of tumour oxygenation in response to hyperoxic
ohn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635
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(100% oxygen) gas challenge. 1H BOLD MRI and 19F NMR echo
planar imaging FREDOM data were acquired as rats bearing
mammary carcinoma xenografts breathed air (baseline) and
then oxygen. For a group of nine tumours, a significant
correlation was found between mean ΔpO2 and ΔSI detected by
19F tumour tissue oximetry and 1H BOLD MRI, respectively.
The main drawback of FREDOM is the current lack of Food
and Drug Administration (FDA) approval for the human use of
PFCs, presenting a barrier to its clinical translation and
validation (109).
Another approach to the detection of pO2 of the TME involves

nitroimidazole compounds that react covalently with tissue
components in hypoxic regions. Maxwell et al. (130) were the first
to demonstrate tumour‐selective retention of a monofluorinated
nitroimidazole (Ro 07–0741) and a hexafluorinated misonidazole
analogue (CCI‐103F) in vivo using 19F MRS. Later studies have
focused on SR‐4554, a fluorinated 2‐nitroimidazole compound
designed to act as a noninvasive probe of tumour hypoxia (131).
SR‐4554 has threemagnetically equivalent 19F atomswhich remain
detectable when the compound is covalently bound within a
hypoxic cell. Extensive preclinical studies of SR‐4554 have shown
that the concentration of SR‐4554 correlates well with pO2 values
measured by polarographic electrodes (122,132–135). A phase I
study of eight patients showed that SR‐4554 was well tolerated,
and that there was some evidence of 19F retention in the three
patients who underwent MRS (136). A further 26 patients have
been evaluated in another phase I study, where higher doses
were used and there was evidence of tumour retention of SR‐4554
using19F MRS (137). As yet, these results have not been
correlated with an alternative and accepted method of
determination of tumour hypoxia. Another limitation is that the
magnitude and rate of 19F detection on localised MRS is low
despite using high doses of SR‐4554. As there is no room to
increase the dose, alternative approaches would be to use higher
field strengths or to increase the number of 19F atoms on the
nitroimidazole. Several other nitroimidazole hypoxia markers have
been evaluated in the preclinical setting (138,139). TF MISO has
been shown to be retained in a rat prostate tumour model (140).
Both mTNF‐1 and CF3PMwere evaluated in a mouse model, and it
was concluded that CF3PM could have potential for the
evaluation of hypoxia by 19F MRS (139). Although these markers
have been detected, they have yet to be correlated with a
response to therapy.
There are currently many barriers to the clinical translation of

PFCs and fluorinated nitroimidazole compounds. As a result of
the inherent insensitivity of MRI and MRS, the administration
of high and (in the case of nitroimidazoles) potentially
neurotoxic doses is required. High‐molecular‐weight PFCs, such
as the 15C5 crown ether, tend to be sequestered permanently
in the reticuloendothelial cells of the liver and spleen, whereas
the lower molecular weight probes, such as PFOB, are excreted
as vapour through the lungs. Further investigation into the
clearance mechanisms of the probes is necessary. Until the
benefit to the patient can be proven, in terms of prognostic
value or evaluation of tumour response to therapy, the risks
are currently considered to outweigh the benefits. The
principles, applications and issues associated with the use of
these probes have been comprehensively reviewed elsewhere
(118,123).
EPR oximetry has demonstrated success in accurately asses-

sing tumour pO2 in vivo in animals (141). Molecular oxygen is
paramagnetic and affects the EPR spectra of a paramagnetic
NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wi
probe within its vicinity by altering the relaxation rate (and
possibly other mechanisms) in a manner which is directly related
to the amount of oxygen present (142). EPR oximetry therefore
depends on the placement of oxygen‐sensitive paramagnetic
material within the tumour and, as such, is a minimally invasive
technique (142). EPR oximetry represents a means of tracking
changes in TME pO2, providing crucial information needed to
optimise the effectiveness of hypoxia‐modifying procedures and
radiotherapy (142). Sentjurc et al. (141) successfully applied EPR
oximetry to repeatedly measure pO2 of fibrosarcoma SA‐1
xenografts prior to, during and following a course of therapy,
and established that this methodology accurately reported on
tumour blood flow changes induced by blood flow‐modifying
agents. Swartz et al. (143) discussed the feasibility of implement-
ing EPR for the enhancement of tumour therapy, and reviewed
the clinical studies currently underway. More recently, Khan et al.
(144) have investigated the effect of carbogen inhalation and
radiotherapy on tumour hypoxia in intracerebral orthotopic
F98 glioma xenografts, and have reported that these tumours
exhibit significantly lower pO2 compared with untreated
contralateral normal brain tissue.

As with EPR oximetry, OMRI requires the administration of
an exogenous paramagnetic agent to generate contrast.
However, OMRI is a double‐resonance technique which couples
the advantages of MRI with the sensitivity of EPR (145). OMRI
has demonstrated usefulness in the detection of tumour
oxygenation in tumour‐bearing mice (145). Thus far, the
application of OMRI has been limited to the detection of
variations in tumour pO2 and, to the authors’ knowledge, it has
not been used to evaluate changes in tumour vascular function
or TME oxygenation in response to chemotherapy, radiotherapy
or antiangiogenic treatment (146).
MEASUREMENT OF TME WATER MOBILITY
AND PRESSURE

The IFP of normal tissue is actively regulated through interac-
tions between stromal cells and the ECM (147). In tumours,
dysregulated angiogenesis, combined with a lack of functioning
lymphatic vessels and interstitial fibrosis, can result in elevated
tumour IFP, which may represent a barrier against effective
drug delivery (148). High IFP is characteristic of solid tumours
of varying types, with values ranging between 10 and
100mmHg (149), compared with normal values of between −1
and −3 mmHg (147). Historically, methods of measurement of
IFP have been predominately invasive, with limitations akin to
the aforementioned invasive methods of monitoring pO2. Recent
advances in this field include the SAMBA‐420 MR system,
consisting of fibre‐optic pressure transducers. This technology
offers highly accurate absolute and relative pressure readings
whilst being fully functional in the presence of a strong
electromagnetic field (which may be of significance in the
preclinical validation of MR methods for IFP measurement).
However, the fragile tip of the SAMBA‐420 MR renders it difficult
to use in tissues with a hard consistency (148), which will limit its
translational potential without further development of design.
To date, a variety of MR applications have been trialled in the
pursuit of a robust, repeatable, in vivo, noninvasive technique
for the measurement of TME IFP.

Initial efforts by Lyng et al. (150) suggested that 1H MRI T1 and T2
values could not be used clinically to assess tumour IFP and predict
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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the uptake of macromolecular therapeutic agents. Milosevic et al.
(151) were the first to document the prognostic importance of
pretreatment IFP measurement in a large prospective study of
patients with cervical cancer, and to report that tumours with high
IFP are more likely than those with low IFP to recur after
radiotherapy and lead to death from progressive disease. IFP
therefore represents another interesting imaging biomarker that
could potentially be used to predict which tumours will respond to
therapeutic intervention. Later work by Milosevic’s laboratory
demonstrated a negative correlation between the vascular
permeability relative to muscle (rktrans) and IFP in patients with
cervical cancer (149). Although a negative correlation between
rktrans and IFP was deemed to be counterintuitive, it was reasoned
that the permeability estimates in this study reflected blood flow
resistance rather than vascular permeability. Hassid et al. (152)
aimed to estimate the in vivo distribution of IFP in tumours using a
new MRI application. Sequential MR images were acquired of
human NCI‐H460 nonsmall‐cell lung cancer xenografts (with an
elevated IFP of approximately 28mmHg) and orthotopic human
MCF7 breast tumours (with a notably lower IFP of approximately
14mmHg), both before and during a long and slow period of
GdDTPA perfusion. The method yielded parametric images of T1
relaxation times and calculated the GdDTPA concentration at
steady state. DCE‐MRI data were correlated with an invasive wick‐
in‐needle measurement of IFP. Typically, the concentration of
GdDTPA showed a steep decline from the tumour rim towards the
tumour centre. This pattern of distribution was not evident on
histological sections for cell density or capillary density, and was
therefore attributed to an increase in IFP, with those regions devoid
of GdDTPA exhibiting the highest IFP. Themethod described could
serve to map IFP and predict the presence of barriers to drug
delivery. Obstacles to the clinical implementation of this technique
ought to be few, as GdDTPA is already a widely used clinical
contrast agent. Gulliksrud et al. (153) have also investigated the
usefulness of DCE‐MRI for the assessment of tumour IFP in A‐07
and R‐18 melanoma xenografts without necrosis. This study
reported strong inverse correlations between E × F (where E is
the initial extraction volume and F is the blood perfusion) and IFP
for both tumour types, and between λ (λ is proportional to the
extracellular volume fraction) and IFP in A‐07 xenografts. This effect
was not reproducible in tumours with necrotic regions. More
recently, Hassid et al. (154) have used the same technique inhuman
lung cancer xenografts to demonstrate a collagenase‐induced
increase in contrast agent delivery resulting from a decrease in IFP.

To our knowledge, Ferretti et al. (155) have thus far provided
the only other example of the detection of drug‐induced
decreases in tumour IFP using DCE‐MRI in conjunction with
wick‐in‐needle methodology. DCE‐MRI data were acquired for a
wide variety of tumour models and used to calculate the relative
tumour blood volume (rTBV) and an index of blood flow. Basal IFP
was positively correlated with basal rTBV, but not at all with the
index of blood flow. Treatment with cytostatic or cytotoxic agents
decreased significantly the IFP of ectopic and orthotopic tumour
models, and this paralleled the decreases in rTBV. In addition,
rapid decreases in IFP preceded significant changes in tumour
size. Overall, this in‐depth study suggests that decreased tumour
IFP could be a generic marker for a positive response to therapy.

An alternative way to evaluate the tumour extracellular fluid is
by diffusion‐weighted imaging (DWI), which measures the
diffusivity of all the water content within the region of interest.
DWI is affected by complex fluid motions within the tumour’s
many components, both intracellular and extracellular, and thus
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
provides valuable information about the TME. The calculated
apparent diffusion coefficient (ADC) is most commonly used to
quantify the diffusivity of water, with high values indicating free
diffusion and low values indicating restricted diffusion (156). The
motion of water is more restricted in tissues with high cellularity
and in intact cell membranes. Water can be thought of as being
intravascular or extravascular; the extravascular water can be
further divided into intra‐ and extracellular compartments,
although it is important to remember that water will be exchanged
between these compartments. There have been numerous
theoretical models and experiments to try to determine the role
played by each of these compartments in determining the ADC
(157). The majority of these studies have examined changes in
diffusion in relation to ischaemia, as this leads to a sudden and
dramatic reduction in the ADC. Theoretically, by assuming that the
intracellular compartment has a lower ADC, one can discriminate
between the intra‐ and extravascular components. However,
in vivo, these two ADC values are similar, and it is therefore difficult
to distinguish between the different compartments (158).
Many studies have tried to alter the MR characteristics of a

compartment, for example with relaxation agents or by altering
the magnetic susceptibility (159,160). Others have evaluated
the diffusion of MR‐detectable molecules or ions that are
restricted to and concentrated in a particular compartment.
19F‐Deoxyglucose‐6‐phosphate has been injected intravenously
or into the lateral ventricles of rat brains to evaluate the intra‐ and
extracellular compartments, respectively (158). Other exogenous
molecules, including tetramethylammonium, mannitol and poly-
ethylene glycol, have been used, as has the endogenous ion 23Na
(161–163). There have been no studies using such methods to
evaluate solely the extracellular, extravascular fluid in response to
therapy. In clinical practice, however, it is usually the conventional
ADC of watermolecules that is used to evaluate tumours and their
surrounding tissue, i.e. peritumoral oedema.
Numerous studies in many tumour types have shown changes

in DWI that correspond to response, in many cases very early after
therapy. The outcome of DWI in numerous clinical trials has been
reviewed recently (60). The main DWI finding in response to
chemotherapy, radiotherapy and many of the newer therapies is
that an early increase in ADC values predicts response and an
improved outcome.
Early increases in ADC often precede any change in the tumour

size, and may be used in the early assessment of response. This
alteration in ADC after a response to therapy is thought to be a
result of tumour cells undergoing lysis and necrosis, with a
consequent decrease in cell membrane integrity and increased
extracellular space, leading to an increase in the ADC (164). Many
DWI studies have shown that low pretreatment ADC values
predict patients who will respond better to treatment than those
with high pretreatment ADC values (60). One explanation for this
is that high ADC values are seen in necrotic tumours which are
poorly perfused, hypoxic and acidotic, and therefore less sensitive
to chemotherapy and radiotherapy.
With targeted therapies, particularly VDAs, the tumour volume

can take weeks ormonths to alter, so that traditional imagingmay
not be the most accurate measure of response. DWI has been
used in the early evaluation of a number of targeted therapies in
xenograft models, including the VDA ZD6126, as mentioned
earlier (36). Bevacizumab, a mAb that acts by blocking VEGF‐A
(VEGF‐A stimulates angiogenesis), has been used successfully in
the clinic to treat a range of tumours, including gliomas. A clinical
trial by Rieger et al. (165) found that bevacizumab induced a
ohn Wiley & Sons, Ltd. NMR Biomed. 2011; 24: 612–635
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Figure 6. The extracellular matrix (ECM). The ECM provides structural
support to the tumour cells. Stromal cells, including fibroblasts, secrete a
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diffusion restriction (ADC decrease) as early as 4weeks into
therapy, which persisted for up to 80weeks in 13 of 18 patients. In
another trial, glioma patients treated with bevacizumab under-
went DWI at 6weeks and 3months post‐therapy; decreases in
ADC in both the contrast‐enhanced and noncontrast‐enhanced
parts of the lesion were seen in patients whose tumours went on
to progress (166). Pope et al. (167) evaluated pretreatment ADC
histogram analysis in patients with recurrent gliomas. They
concluded that ADC values pretreatment could stratify more
effectively progression‐free survival in this group treated with
bevacizumab than could enhancing tumour volume at first
follow‐up. Patients with less than mean ADC values had a 2.75‐
fold reduction in the median time to progression compared with
patients with a higher than mean ADC value pretreatment. It is
clear that the alteration in angiogenesis caused by bevacizumab
can bemeasured by DWI; however, the reason for the reduction in
ADC values seen after therapy remains unclear. It has been
suggested that, as bevacizumab is an inhibitor of angiogenesis, it
could induce atypical necrosis and chronic hypoxia (165).
variety of macromolecules into the ECM, creating a gel‐like substance
that acts as a stress absorber.

62
MRI OF THE ECM

As in all tissue types, the tumour ECM provides structural
support for surrounding cells and is an important regulator of
normal tissue behaviour and tissue homeostasis (4). The ECM
contains various macromolecules that are secreted by tumour
cells, fibroblasts and myofibroblasts. These ECM constituents
include collagen, fibronectin, laminin, glycosaminoglycans,
proteoglycans and glycoproteins, which create tensile strength,
provide differentiation and survival signals, facilitate interactions
between cells of different types and act as a physical scaffold for
other ECM components (4,7). Together, these components
contribute substantially to the biological characteristics of each
tumour type, and represent an important alternative therapeutic
target (Fig. 6). A number of MR techniques have been proposed
for the detection of tissue macromolecular content, including
magnetisation transfer imaging (MTI), T1ρ MRI and CEST. These
methods provide a potential means of evaluating the effects of
conventional chemotherapeutics on the ECM, as well as novel
agents targeted specifically to components of the ECM.
Preclinical trials of MRI contrast agents targeted to the tumour

matrix are currently underway, but are mainly limited to cancer
biomarker detection rather than the assessment of biomarker
response to therapeutic intervention. For example, Ye et al. (30)
recently demonstrated the use of CTL1‐(GdDTPA) to target
tumour stromal fibrin–fibronectin complexes in human colon
carcinoma xenografts. Variations on this methodology have been
used to detect hyaluronidase activity (168), collagen content
(169), transglutaminase activity (170) and fibroblast recruitment
to the TME (171). However, as mentioned previously, the limited
sensitivity of MRI detection and the high‐level competing
background signal limit this methodology to the detection
of highly abundant target molecules, even when multiple
gadolinium copies can be bound to the targeting peptide.
MMPs are a family of structurally related, multifunctional, zinc‐

dependent endopeptidases whose functions include the
degradation of ECM proteins, cleavage of cell surface receptors
and modulation of chemokine/cytokine activity. MMPs also have
important functions in pathophysiologies characterised by
excessive degradation of the ECM, such as rheumatoid arthritis,
osteoarthritis, autoimmune blistering, and tumour invasion and
NMR Biomed. 2011; 24: 612–635 Copyright © 2011 John Wi
metastasis (9). MMPs are therefore potential biomarkers for
cancer progression, invasiveness, angiogenesis and metastasis,
e.g. mammary carcinoma (172) (Table 2).

The peptide chlorotoxin (CTX) binds preferentially to part of the
membrane‐bound matrix metalloproteinase‐2 (MMP‐2), which is
up‐regulated in a number of tumours, including glioma. CTX has
been shown to be effective in targeting MNPs to 9L glioma
xenografts (43,173). As well as binding to MMP‐2, CTX inhibits
tumour invasion, and therefore attachment of CTX peptides to
MNPs is a promising potential treatment of glioma (174). A second
peptide‐conjugated contrast agent targeted to MMP‐2 makes use
of the PCA2‐switch MMP‐2 substrate, and has been preclinically
validated in a mouse MC7‐L1 mammary carcinoma xenograft
model (172).

Quantification of MMP expression levels in vivo has not yet been
achieved and, thus far, imaging results have been qualitative. In
order to advance in the field of MMP MRI, and perform anti‐MMP
drug screening andmonitor treatment efficacy, it will be important
to correlate MMP expression levels with MRI data acquired with
MMP‐targeted contrast agents (175). Until recently, studies have
failed to provide unequivocal evidence as to whether MMPs
represent a drug target or antitarget. The clinical development of
MMP inhibitors is now well underway, although selective MMP
targeting is more likely to achieve clinical success than broad‐
spectrum MMP inhibitors which can cause side‐effects by hitting
antitarget MMPs (9).

MTI is a popular noninvasivemethodofmonitoring the TME, as it
allowsmacromolecular protons of the ECM to be imaged indirectly.
MTI was first described by Wolff and Balaban (176), and has been
comprehensively reviewed by Henkelman et al. (177). Tsukushi
et al. (178) have demonstrated significantly higher magnetisation
transfer ratios (MTRs) in malignant compared with benign
musculoskeletal tumours, and a statistically significant positive
correlation betweenMTR and theDNA index. These results suggest
that, alongside the DNA index, MTR can serve as a quantitative and
noninvasive parameter to indicate musculoskeletal tumour malig-
nancy and proliferative activity, and help plan diagnosis and
treatment (178). The mean MTR has been shown to be statistically
higher in biopsy‐proven prostate malignancies of the peripheral
ley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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zone, compared with patients who tested negative for peripheral
zone malignancy on biopsy (179), and a preliminary study has
demonstrated that MTR can be used to differentiate benign from
malignant breast lesions (180). However, MTR has also been
shown to be lower in some tumour types, such as brain and parotid
(181–184). In a study by Pui et al. (185), MTI was shown to
differentiate between white matter, grey matter, infarct, and solid
and cystic (infected) components of brain tumours in 107 patients.
More recently, Yamamoto et al. (186) investigated whether MTR
histogram analysis allows better detection than conventional MRI
of early and subtle brain changes in patients with acute lympho-
cytic leukaemiawho receivemethotrexate therapy. MTR histogram
peak height was significantly lower in post‐chemotherapy scans
than in pre‐chemotherapy scans. This study demonstrates the use
of MTR as an imaging biomarker for chemotherapy‐induced
changes in the brain, and its possible use for predicting central
nervous system effects.

Another type of MTI that generates switchable negative contrast
with no T2* effects is CEST. CEST can probe tissue via endogenous
metabolites or injected contrast agents (79). APT imaging is a
variant of CESTwhich specifically probes labile amide protons (187)
in peptide bonds (188). Zhou et al. (188) have also demonstrated
that APT imaging candistinguish between the tumour core and the
contralateral normal‐appearingwhite matter in patients with high‐
grade brain tumours, whereas APT intensities of contralateral
normal‐appearing white matter are indistinguishable from tumour
in patients with low‐grade brain tumours. APT intensities have also
been successfully used to image heterogeneity in human brain
tumours. For example, in a patient with glioblastoma multiforme,
areas of necrosis and oedema exhibited lower APT signal intensities
than the gadolinium‐enhancing tumour core and cystic cavity
(189). However, to our knowledge, these relatively newmethods of
generating MRI contrast have not yet been used as imaging
biomarkers for tumour response to therapy.

T1ρ MRI is another contrast enhancement method that is
sensitive to dipolar fluctuations in tissues which arise from slow
atomic motions in viscous liquids and proteins (190); it has been
investigated as an early indicator of therapeutic response to
chemotherapy in the murine subcutaneous RIF‐1 tumour model
(191). T1ρ MRI data were acquired pre‐ and post‐treatment with
cyclophosphamide. Treated tumours exhibited a statistically
significant percentage of pixels with prolonged T1ρ compared
with untreated tumours. The percentage of pixels exhibiting
prolonged T1ρ increased significantly 18 and 36 h after
cyclophosphamide administration, whereas T2 relaxation did not
change significantly throughout this period. This study suggests
that T1ρ MRI may be useful in evaluating early response to
treatment with antitumour therapeutic regimes in the clinical
setting. Sierra et al. (190) reported a statistically significant increase
in T1ρ in BT4C glioma tissue corresponding to early changes in
water dynamics induced by pro‐apoptotic gene therapy.
CONCLUSIONS

Over the last few decades, it has become evident that tumours are
not just composed of cancer cells and that many will not be cured
by targeting therapy to cancer cells alone. The importance of the
complex interaction between tumour cells and the surrounding
matrix is gradually being evaluated. Traditional treatments for
cancer, chemotherapy and radiotherapy, are designed to act
directly on tumour cells. Newer targeted anticancer therapies not
wileyonlinelibrary.com/journal/nbm Copyright © 2011 J
only target the cancer cells, but have been rationally designed to
target other components of the tumour, including the ECM,
vasculature and stroma, that are essential for tumour develop-
ment. As well as the structural elements of the tumour matrix, the
physiological environment has a large role to play in the
development of cancer. It has long been recognised that
alterations in the physiological environment, such as hypoxia,
have important implications for theway inwhich tumours respond
to therapy. The evaluation of this aspect of the TME has the
potential to allow the tailoring of therapy optimised to the
physiological environment.
In this article, we have reviewed the imaging of physiological

parameters, the response to therapy targeted towards the
TME, and numerous and diverse targeted contrast agents for
the detection of TME biomarkers by MRI and MRS. To allow the
successful imaging of tumours and their microenvironment
in response to therapy, we need to tailor the imaging to the
therapy involved. Some therapies are cytostatic or antiangio-
genic, whereas others are cytotoxic, and therefore the response to
image will vary. The inclusion of MRI methods as biomarkers
early in drug development is vital to ensure the progression of
imaging into clinical practice.
In spite of evident preclinical successes, the relatively low

sensitivity of MRI compared with alternative molecular imaging
techniques has meant that targeted MRI contrast agents have
often been administered at high and sometimes potentially toxic
concentrations. Where this is not the case, in vivo efficacy has not
always been demonstrated at clinically relevant field strengths.
The use of MRI as a noninvasive, high‐resolution anatomical/
molecular imaging technique to detect specific tumour biomar-
kers and to monitor the response to therapeutic intervention
efficiently, reproducibly and with minimal adverse effects is a
highly desirable prospect. However, it is obvious that, in order for
clinical application and acceptance of these agents, efforts must
be focused on the evolution of novel contrast agents or the
improvement of amplification strategies to optimise SNR at lower,
nontoxic doses.
For MRI of the TME to become routine in clinical practice, many

of these methodologies and outcomes need to be standardised
to allow comparison between sites and patients in large‐scale
clinical trials. Many of the MRI methods mentioned currently have
a degree of subjectivity and consequential sampling error in the
way that the ROI, voxel or single point ofmeasurement is selected.
This can havemassive implications for correlation between in vivo
noninvasive MRI and MRS data and ex vivo (often invasive)
methods of measurement of pO2, IFP, pH, etc. If imaging of the
TME is to be used as a biomarker in clinical practice, it needs to be
quantitative, reliable and accurate, as it will affect clinicians’
decisions on therapy and therefore outcomes for individual
patients. Quantitative measurements would allow a comparison
between time points for the same patient and between different
patients and institutions. Important questions to address when
assessing the validity of any biomarker include: (1) is the response
transient or sustained?; and (2) how well does the response
correlate with current gold standards such as histology? Themost
important factor for patients is whether the result translates into
an improvement in patient care and, therefore, overall survival.
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