
Figure
where
3rd colu
on TUN

Ma

INTRO
for mo
Previou
consum
measu
concen
agent t

METHO
until th
with sa
MRI: A
saturat
96 x 8 m
During
SPGRs 
ms; TR
Analys
describ
water f

where 
BMA in
the rat

experim
reliably
DCE sc
Histolo
TUNEL

RESULT
two co
two co
not yet

DISCUS
prefera
assump
these m
error fo
differe
seen he
similar 
concen
uncolo
TUNEL

REFERE
Med. 6

 1 Parametric map
e dead cells have b
umn). Maps of wa
NEL (last column),

apping water 

1Medical Biop

DUCTION: Water 
nitoring cancer th
us methods have m
ming due to the tim
rements at two ne

ntration range the
to determine wate

ODS: Five female n
hey reached a diam
aline, (ii) 0.2 mL Gd

Animals were scann
tion band across t
matrices, flip angl
 this steady-state,
were also run prio
=2500 ms; TE=11.
is: Data from all fo

bed by the modifie
fraction M0E, and w

T1E0 is the extrace
n the ECS. At stead
t’s weight (ie. the d

ment (~20 mins). S
y fast (Lower boun
ans were also exc

ogy: After scanning
-stained slice were

TS: Parametric ma
olumns of Figure 1.
olumns of Figure 1.
t been cleared aw

SSION: The use of 
able to measure th
ption that M0E is in
maps since the con
or each voxel. The
nce in signal inten
ere in the muscle 
 studies (2,3), the 

ntration of Gd-DTP
oured spaces in Fig
-positive regions, 

ENCES: 1. Bailey C
60: 1011-1019. 4. M

ps of extracellular 
been cleared to lea
ater exchange, kIE (
 even when M0E re

exchange in r

physics, University

exchange from th
erapy. Work in viv
made use of a con
me needed to adju
ew flip angles in th
se two flip angles 
er exchange rate in

nude rats (6-8 wee
meter of 1-2 cm. R
d-DTPA-BMA dilut
ned at 7 T (Bruker 
he body to limit m
e α=16.6-20°, repe
 3D SPGR sequenc

or to injection, alo
6 ms) to correct fo

our Gd-DTPA-BMA
ed Bloch equations
water exchange fr

ellular relaxation in
dy-state, CECS=Cp, t
distribution volum

Statistical errors in
nd > 2 s-1) or well-d
luded. 
g, three tumours w
e obtained at each

aps of extracellula
. Equilibrium signa
.  Figure 2 shows a
ay. Extracellular w

Eq. 1 to determin
he Gd-DTPA-BMA 
nversely proportio
ncentration of Gd-
e exchange rate is 
nsity between the 
(~0.5-0.8 s-1) are c
precision of excha

PA-BMA in the tum
g. 1 above) where t
suggesting exchan

, et al. (2009). Ma
McConnell HM. (1

water fraction, M
ave more extracell
(2nd column), are h
emains low (see Fi

rat tumour xen

Col
y of Toronto, Toron

e intracellular to e
vo is complicated s

nstant infusion wh
ust concentrations
he late stages follo
probe. This work 
n a rat tumour xen

eks) were implante
Rats underwent th
ted to 0.3 mL with
Biospin, Germany

motion artefact and
etition time TR=20
ces (128 x 96 x 8 m
ng with a 2D inver
or B1 inhomogene

A concentrations a
s in (4). This gives 

rom the intracellul

n the absence of G
he concentration 

me is assumed to b

n the exchange rat
determined (Uppe

were frozen in OCT
h level. Slides were

r water fraction, M
al, S0, and intracell
a close-up of an ar

water fraction is sti

ne Cp is based on p
concentration in t

onal to rat weight m
-DTPA-BMA is the 
subject to error fr
end of one injecti

comparable to tho
ange was low in m

mour was low. The
this model can be
nge can be used as

gn. Reson. Med. 6
958). J. Chem. Phy

0E (1st column), ten
ular space (lighter

higher in areas tha
ig. 2). Scale bars in

nografts: usin
age

lleen Bailey1,2, Fira
nto, ON, Canada, 

extracellular space
since quantitative
ere large numbers
s. Other work has 
owing injection (3)
uses T1 data at fo
nograft. 

ed with ~5 million
ree bolus injection
 saline and (iii) 0.3

y) with a 2 cm rece
d signal from bloo
0 ms, echo time TE
matrices; TR=20 ms
rsion recovery (IR)
eities. 
t all four flip angle
four free fit param
ar to extracellular

Gd-DTPA-BMA, fixe
in blood plasma a
e 20%): ܥ௣ ൌ ௏ಸ೏஼଴.ଶ௠

te parameter were
er bound < 5 s-1) ar

T gel at -80°C and 
e scanned with a M

M0E, and water exc
ular water fractio

rea including two r
ill low in this area,

revious pharamco
the blood, but this
mainly affects the
same everywhere

rom the assumptio
on and the start o

ose obtained in oth
many cases (wide ra
ese wide error rang

applied. However
s a marker of apop

62: 46-55. 2. Landi
ys. 28: 430-431. 5.

nd to be higher 
r areas on H&E, 
at are apoptotic 
ndicate 5 mm. 

g multiple flip
ent injection 
as Moosvi1,2, and G
2Imaging Researc

 
e (ECS) increases fo

assessment of ex
s of points on the T
focussed on adapt
), where contrast a
ur flip angles in th

 MDA-MB-231 cel
ns: (i) 0.1 mL Gd-D
3 mL Gd-DTPA-BM
eiver surface coil. A
d. Uptake followin

E=2.5 ms, tempora
s; TE=2.5 ms) at fo
) sequence (64 x 9

es were fit globally
meters: equilibrium
r space kIE. Relaxat

ed to 1.5 s; r1=4.2 
nd is assumed to b஼೔೙ೕ௠ೝೌ೟ [1]. Clearance 

e determined at th
re included in the 

two were fixed in 
Mirax scanner (Car

change rate, kIE, in 
n, T1I, (not shown
regions (arrows) w
, while exchange is

       

okinetic studies in 
s was not possible 
 absolute value of

e in the ECS at stea
on that clearance i
of the next, when s
her studies (2), sug
ange in statistical 
ges and the steady
r, in cases where t
ptosis in vivo. 

s et al. (1999). Ma
 Stanisz GJ, et al. (

Figure 2 Close-up
box at the top lef
the arrows, wher
low, have increas

p angles durin

Greg J Stanisz1,2 
ch, Sunnybrook He

ollowing induction
xchange requires k
T1 recovery curve
ting dynamic cont
agent concentratio

he late-uptake stag

lls subcutaneously
DTPA-BMA (Omnis

MA. 
All images were 3 
ng injection was m
al resolution 10.2 
our flip angles (α=
96 matrices; invers

y to a two-compar
m signal S0, intrace
tion of water in th

mM-1s-1 is the rela
be equal to the am
by the kidneys wa

he 68% confidence
parametric maps.

formalin. Levels w
rl Zeiss MicroImag

three rats are ove
n) show little variat
where small patche
s high. 

these rats, but ha
 with the current d
f M0E; relative valu
ady-state and a po
is negligible. Howe
steady-state scans
ggesting the cleara
error bounds), pa
y-state requireme
the model can be a

agn. Reson. Med. 4
(1999). Magn. Res

p of the first tumo
ft of the figure. Tw
re there is not yet 
sed kIE. 

ng late-uptake

ealth Sciences Cen

n of apoptotic cell 
knowledge of the c
e can be obtained 
trast-enhanced M
on does not vary s
ges following thre

y in the hind limb. 
scan, GE Healthcar

 x 4 cm2 field of vi
monitored with a 3

s) until it appeare
16.6-20, 11, 7 and
sion time TI=62.1, 

rtment model of re
ellular longitudina
e extracellular spa

axivity at 7 T and C
mount of Gd-DTPA
as assumed to be n

e level as describe
 Regions that wer

were cut 1 mm apa
ging, Gӧttingen) an

erlaid on the final 
tion. H&E and TUN
es of apoptosis are

as some error asso
data given the sm

ues of M0E in a give
oor assumption ab
ever, the DCE mon
s were run. It shou
ance assumption i
rticularly when ce

ent limit the tumou
applied, regions o

42: 467-478. 3. Bu
son. Med. 42: 1128

our for the area sh
wo apoptotic regio

cell clearance and

e stages follow

ntre, Toronto, ON,

death in vitro (1),
contrast agent con
(2), but this metho
RI (DCE-MRI) tech
significantly, limiti
e separate injectio

Tumours were gro
re, Milwaukee, WI

ew with 1 mm slic
3D SPGR-based DC
d constant in the t

d 5°) were perform
100, 300, 700, 900

elaxation incorpor
al relaxation time T
ace is given by  ଵ்ଵಶ
CECS is the concent
A-BMA injected div
negligible over the

ed in (5). Only valu
e not in steady-sta

art and an H&E-st
nd aligned manua

contrast-enhance
NEL staining are pr
e apparent on TUN

ociated with it. It w
all vessel size in ra

en animal can still 
bout its value will 
nitoring curves sho
uld also be noted t
is reasonable. As w

ellularity was high 
ur types and regio

of high exchange co

uckley et al. (2008)
8-1136. 

own in the white 
ons, shown by 
d M0E remains 

wing contrast 

 Canada 

, showing promise
ncentration. 
od is time-
niques by adding 
ng the 
ons of contrast 

own for ~6 weeks 
I) diluted to 0.3 m

ce thickness and a 
CE sequence (64 x 
tumour rim. 

med. These four 
0, 1200 and 1500 

rating exchange, a
T1I, extracellular 

ಶ ൌ ଵ்ଵಶబ ൅ ,ா஼ௌܥଵݎ

ration of Gd-DTPA
vided by 20% of 
e course of the 

ues that were 
ate based on the 

ained slice and a 
lly with MRI. 

ed image in the firs
resented in the las
NEL, but cells have

 

would be 
ats. The 
be compared in 
result in the same
owed little 
that the values 
with previous 
and overall 

ons (such as the 
orrelate with 

). Magn. Reson. 

e 

L 

s 

A-

st 
st 
e 

 

38Proc. Intl. Soc. Mag. Reson. Med. 20 (2012)


