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Purpose:

Materials and
Methods:

Results:

Conclusion:

To investigate the relationship between gas-challenge
blood oxygen level-dependent (BOLD) magnetic resonance
(MR) imaging measurements and hepatic disease progres-
sion in a rat model of diethylnitrosamine (DEN)-induced
liver fibrosis.

The institutional animal care and use committee approved
all experiments. Liver fibrosis was induced in 27 male
Wistar rats by means of weekly oral gavage with 5 mL of
1.5% DEN solution per kilogram of body weight for 3-11
weeks, which produced varying degrees of liver fibrosis.
Eight rats developed nonsubstantial fibrosis; eight rats,
substantial fibrosis; and 15 rats, cirrhosis. Four nontreated
healthy rats served as controls. Multiple-gradient-echo MR
images were acquired in the rats at steady-state normoxia
and hyperoxia and then during dynamic gas challenges.
The change in R2* (AR2*) during the gas challenge and
the ratio of number of activated voxels to total number
of voxels in the liver were quantified. Masson trichrome
staining of liver tissue was used to identify collagen tissue.
Liver fibrosis was assessed by using a semiquantitative
METAVIR scoring system and quantitative analysis of
the percentage of liver fibrosis. Hepatic hemodynamic
responses at BOLD MR imaging were compared across
the fibrosis stages at independent-sample ¢ test and linear
regression analyses.

AR2* was well correlated with gas-challenge interval.
Mean AR2* decreased during liver fibrosis progression,
from 19.60 sec™! + 4.47 (standard deviation) in animals
without substantial fibrosis to 14.02 sec™! = 2.88 and
6.26 sec! = 7.40 in animals with substantial fibrosis and
cirrhosis, respectively (P = .006 for rats without vs rats
with substantial fibrosis, P = .001 for rats with substantial
fibrosis vs rats with cirrhosis, P < .001 for rats without
substantial fibrosis vs rats with cirrhosis). Mean AR2*
(r=—0.773) and liver activation (r = —0.691) were inversely
correlated with liver fibrosis (P < .001).

Carbogen gas-challenge BOLD MR imaging can depict he-
patic hemodynamic alterations during the progression of
fibrosis and has the potential to serve as a noninvasive,
nonenhanced imaging method for liver fibrosis diagnosis
and staging.
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involves the exces-

sive accumulation of extracellu-

lar matrix proteins as part of the
wound-healing response to chronic liver
injury (1). The main causes of liver fi-
brosis are chronic viral hepatitis type B,
chronic viral hepatitis type C, and alco-
hol abuse (2). Advanced liver fibrosis
can lead to cirrhosis, liver failure, por-
tal hypertension, and liver cancer, and
it often requires liver transplantation as
a life-saving procedure.

Liver biopsy is considered the ref-
erence standard for the diagnosis and
staging of liver fibrosis. However, it is
invasive, with associated pain and ma-
jor complications reportedly occurring
in 40.0% and 0.5% of patients, respec-
tively (3). Sampling errors can occur
owing to the heterogeneous distribution
of fibrosis in the liver and the relatively
small biopsy samples (4,5). Intra- and
interobserver variations in histologic
examinations can also lead to diagnosis
error (6,7). Liver fibrosis may be revers-
ible when the cause is identified and
treated (8-10). An alternative noninva-
sive diagnosis and staging method would
be particularly useful for serial evalua-
tion of the effectiveness of liver fibrosis
therapies. Magnetic resonance (MR)
elastography (11), diffusion-weighted
MR imaging (12), ultrasonographic perfu-
sion measurements (13), transient sono-
elastography (14), and dynamic contrast
material-enhanced MR imaging and com-
puted tomography (15) have been pro-
posed as noninvasive methods of diag-
nosing and staging liver fibrosis.

Quantitative  dynamic  contrast-
enhanced imaging (ie, contrast-enhanced
imaging) approaches involve pharma-
cokinetic analysis of the passage of ex-
ogenous contrast material tracers (16).
These methods offer the potential to
detect and characterize the hepatic
perfusion changes that accompany the
progression of liver fibrosis (15). Ap-

Advance in Knowledge

B Carbogen gas-challenge blood
oxygen level-dependent (BOLD)
MR imaging can depict hepatic
hemodynamic changes during the
progression of liver fibrosis.

iver fibrosis

proximately three-quarters of the blood
in the normal liver is supplied from the
portal vein, and only about one-quarter
of the blood is supplied from the hep-
atic artery (17). During the evolution of
hepatic fibrosis, the progressive disrup-
tion of the normal liver structure leads
to both regional and global perfusion
changes. Portal venous flow typically
decreases and bypasses the liver paren-
chyma via portosystemic venous shunts,
while hepatic arterial flow may increase
to counteract the effect of the reduced
portal venous flow. This counteractive
increase in hepatic arterial flow is com-
monly referred to as the hepatic arteri-
al buffer response (18,19). Quantitative
contrast-enhanced imaging methods
can be used to resolve each component
of the dual blood supply in the liver
(20). Initial preclinical and clinical fea-
sibility studies have revealed the poten-
tial to use these differential blood flow
measurements to characterize disease
progression (21-23).

Blood oxygen level-dependent (BOLD)
MR imaging is an alternative imag-
ing technique that involves the use of
deoxyhemoglobin as an endogenous
contrast mechanism to reflect altera-
tions in blood oxygenation, blood flow,
and blood volume. Although BOLD
MR imaging methods are widely used
for functional activation studies of
the brain (24,25), they are increas-
ingly being used for functional imag-
ing of tumors (26), cardiac (27) and
skeletal (28) muscle, renal tissue (29),
and the liver (30). BOLD MR examina-
tions of rat liver tissue have revealed
substantial increases in signal intensity
at T2*-weighted imaging during hyper-
oxia induced by carbogen gas (95% O,
5% CO,) inhalation (30), and more
recent studies involving the use of a
4.7-T spectrometer in fibrotic mouse
liver tissue have revealed a reduced re-
sponse at gas-challenge T2*-weighted

Implication for Patient Care

B Carbogen gas-challenge BOLD
MR imaging is a potential nonin-
vasive, nonenhanced imaging
method for diagnosis and staging
in patients with liver fibrosis.

BOLD imaging compared with this re-
sponse in healthy control animals (31).
Gas-challenge BOLD MR imaging has
the potential to serve as a noninvasive,
nonenhanced method of characterizing
hemodynamic processes of the liver.
The purpose of our study was to in-
vestigate the relationship between gas-
challenge BOLD MR imaging measure-
ments and hepatic disease progression
in a rat model of diethylnitrosamine

(DEN)-induced liver fibrosis.

Materials and Methods

Animal Model

All experiments were approved by the
institutional animal care and use com-
mittee of Northwestern University and
were performed in accordance with
institutional guidelines. Thirty-one adult
male Wistar rats (Harlan, Indianapolis,
Ind) that initially weighed 300-350 g
were used for the experiments. The
rats were randomly divided into control
and treatment groups. Four nontreated
healthy rats were used as control animals.
Two authors (N.J., 2 years experience;
Y.G., 1 year of experience) induced liver
fibrosis in 27 rats by means of weekly
oral gavage by using an 18-gauge gav-
age needle to inject 5 mL of 1.5% DEN
solution (DEN ISOPAC; Sigma Chemi-
cal, St Louis, Mo) per kilogram of body
weight.
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MR Measurements

All MR imaging examinations were
performed by using a 3.0-T clinical MR
unit (Magnetom Trio; Siemens Medical
Solutions, Erlangen, Germany) with a
custom-built rodent receiver coil that had
an inner diameter of 7 cm (Chenguang
Medical Technologies, Shanghai, China).
Before being imaged, the rats were
anesthetized with an upper-limb injec-
tion of ketamine (Ketaset, 75-100 mg
per kilogram of body weight; Fort Dodge
Animal Health, Fort Dodge, lowa) and
xylazine (Isothesia, 2-6 mg/kg; Abbott
Laboratories, North Chicago, Ill). The
abdomen of each rat was fixed with
adhesive tape to restrict respiratory
movement.

Coronal and transverse T2-weighted
turbo spin-echo MR images (4500/61
[repetition time msec/echo time msec],
140° flip angle, three acquired signals)
of the entire abdomen were acquired
for localization. Three adjacent trans-
verse sections through the central por-
tion of the liver were chosen for the
BOLD MR examinations. The response
at BOLD MR imaging was evaluated by
using quantitative R2" measurements,
which were obtained by using a multiple-
gradient-echo sequence (150-msec re-
petition time, echo train length of nine,
4.6-msec intersection spacing, 30° flip
angle, 3-mm section thickness, 150-mm
field of view, 192 X 76 matrix, 0.8-mm
in-plane resolution, readout bandwidth
of 360 Hz/pixel, 25 acquired signals).

Experimental Design

MR imaging was performed in the four
healthy rats at week O and in four rats
each 3 and 4 weeks after DEN admin-
istration; in five rats each 5 weeks after
DEN administration; in two rats each 6,
7,9, and 10 weeks after DEN adminis-
tration; and in three rats each 8 and 11
weeks after DEN administration. The
animals were administered room air
(78% N,, 20% O,) and carbogen gas
(95% 0O,, 5% CO,) separately through
a nose cone at a rate of 15 mlL/sec.
After anesthesia was induced, the ani-
mals were exposed first to room air for
10 minutes to achieve steady-state nor-
moxia. After the acquisition of steady-
state room air multiple-gradient-echo
MR images (4-minute acquisition time,
25 signals acquired), the rats were ad-
ministered carbogen gas for a 10-minute
transition period to achieve steady-
state hyperoxia. After the acquisition of
steady-state carbogen multiple-gradient-
echo MR images, a dynamic time series
of multiple-gradient-echo images were
obtained for 60 minutes during gas
challenges that lasted 10 minutes each:
10 minutes of carbogen inhalation then
10 minutes of room air inhalation, with
two repeats of this regimen. For each
gas challenge, a time series of 13 sets
of multiple-gradient-echo images were
obtained. Four signals were acquired for
each acquisition to result in a temporal
resolution of roughly 45 seconds for
each quantitative R2* measurement.

Time oy 20 25 35 40
[§

60 70 80 920 100

(min)

Transition -

BOLD Dynamic Time Series

Steady
Localization State

Steady
State

Boxcar
Function

Figure 1:

~

;=

on on on
I R v B S

Experimental gas-challenge BOLD MR imaging protocol involving

inhalation of room air (4) or carbogen (C). Boxcar function, with cyclical alterna-
tions of on and off periods, was later correlated with dynamic R2* time series to
produce gas-challenge liver activation maps.

Image Analysis

Image postprocessing was performed
offline by one author (N.J., 2 years
experience) by using Matlab software
(The Math Works, Natick, Mass). Be-
fore being processed, all of the images
were visually inspected to ensure that
none of them was corrupted with re-
spiratory motion-induced artifacts. R2*
maps corresponding to each stage of
gas inhalation and each image acquisi-
tion performed during the dynamic time
series were calculated by using the non-
linear Levenberg-Marquardt algorithm
to fit the monoexponential multiple-
gradient-echo signal decay component:
Si=S, - exp(—R2" - TEi), where S, is
the MR signal intensity at echo time TEi,
S, is the MR signal intensity at echo time O,
and TEi is the echo time. Gas-challenge
maps of the change in R2* (AR2*) were
calculated by using the formula R2" —
R27 ., where R2" _ is the R2" measure-
ment acquired at steady-state room air
multiple-gradient-echo MR imaging and
R2* , is the R2" measurement acquired
at steady-state carbogen multiple-
gradient-echo MR imaging. On the im-
ages obtained in each animal, a region
of interest that encompassed all of the
liver parenchyma on each section while
excluding blood vessels and gall bladder
tissue was drawn. For each animal, the
mean AR2" between the steady-state
room air and carbogen breathing condi-
tions was measured. Next, the dynamic
time series of R2" values for each liver
voxel was correlated by using a boxcar
function that consisted of three alter-
nating off (10-minute duration, 15 data
points) and on (10-minute duration, 15
data points) time periods (Fig 1). A cor-
relation coefficient was calculated for
each voxel, and those voxels with a cor-
relation coefficient higher than 0.4 were
considered to be activated and respon-
sive to the gas challenge. Liver activation
was quantified by calculating the ratio of
the number of activated voxels to the
total number of voxels in the liver.

Histologic Evaluation

After the MR examinations, each rat
was euthanized by means of intravenous
injection of a 150 mg/kg dose of pento-
barbital sodium and phenytoin sodium

Radiology: \'olume 254: Number 1—January 2010 = radiology.rsna.org

131



>
i

S
=

S
s

EXPERIMENTAL STUDIES: Carbogen Gas—Challenge BOLD MR in Rat Liver Fibrosis Model

Jinetal

Figure 2

solution and bilateral thoracotomy. Three
histologic slices excised from the left lat-
eral, right lateral, and medium lateral
liver lobes of each rat were fixed in 10%
buffered formaldehyde solution and em-
bedded in paraffin for histologic evalua-
tion. Masson trichrome staining was used
to identify collagen tissue. An attending
surgical pathologist who specializes in
gastrointestinal oncology (G.Y.Y., >10
years experience) first assessed the stage
of liver fibrosis semiquantitatively ac-
cording to the METAVIR scoring system:
Stage FO indicates no fibrosis; stage F1,
portal fibrosis without septa; stage F2,
portal fibrosis with few septa; stage F3,
numerous septa without cirrhosis; and
F4, cirrhosis. The Masson trichrome-
stained slides were then digitized with
optical magnification (X200) by using a
multichannel automated imaging sys-
tem (TissueGnostics, Vienna, Austria).
Next, an author (N.J.) performed quan-
titative analysis of liver fibrosis on an
average of 30 fields per section. On
the stained slides, collagen fibers were
stained aniline blue, while hepatocytes
were stained red. The fibrotic region

was identified by extracting the area of
blue components with use of offline Im-
agelJ postprocessing software (National
Institutes of Health, http://rsb.info.nih.
gov/ij/). Fibrotic deposition was ex-
pressed as the ratio of stained collagen
tissue area to total area measured in

the analyzed field.

Statistical Analyses

The animals were grouped into three
categories (11): rats without substantial
fibrosis (stages FO and F1), rats with
substantial fibrosis (stages F2 and F3),
and rats with cirrhosis (stage F4). Gas-
challenge AR2" values were compared
between the three groups at analysis of
variance and then at two-by-two com-
parisons performed with independent-
sample t testing.

The relationships between percent-
age of liver fibrosis, percentage of liver
regions responsive to the gas challenge,
and gas-challenge AR2" were assessed
by calculating Spearman correlation
coefficients. Statistical analysis results
were considered to be significant at
P < .05. All statistical analyses were

C.
Figure 2:  Masson trichrome—stained histologic
slices excised from rat livers during the pathogen-
esis of DEN-induced hepatic fibrosis. (Original mag-
nification, %<200.) Histologic slices show (@) normal
liver tissue, (b) liver tissue with DEN-induced stage
F1 portal and periportal fibrosis (arrow), (c) stage
F2 fibrosis with few septa (arrow), (d) stage F3
fibrosis with bridging (arrow), and (e) stage F4
fibrosis with overt cirrhosis and nodule formation.

performed by using SPSS software (SPSS,
Chicago, TII).

Five rats were found to be at stage FO
of liver fibrosis; three rats, to be at
stage F1; two rats, to be at stage F2;
six rats, to be at stage F3; and 15 rats,
to be at stage F4 (Fig 2). Carbogen in-
halation induced decreases in hepatic
R2" in both the healthy rats and the
rats with fibrosis. The measured AR2*
between the room air and carbogen
breathing exercises was much greater
in the healthy rats than in the rats with
fibrosis (Fig 3). Mean AR2* values were
19.60 sec™! + 4.47 (standard deviation)
for the rats without substantial fibrosis
(stages FO and F1), 14.02 sec™" = 2.88
for the rats with substantial fibrosis
(stages F2 and F3), and 6.26 sec™!' =
7.40 for the rats with cirrhosis (stage
F4) (Table). There were significant
differences in mean AR2* between the
animals with stages FO and F1 fibrosis
and those with stages F2 and F3 dis-
ease (P = .006), between the animals
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Figure 3
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Figure 3: Decreasing gas-challenge AR2* with increasing fibrosis stage. (a) Transverse turbo spin-echo anatomic MR images (left) and corresponding gas-
challenge AR2* maps (right) show liver without substantial fibrosis (in control rat), liver with substantial (stage F2) fibrosis, and liver with cirrhosis (stage F4). (b) Box
plot shows mean hepatic AR2* values for rats in stage FO—F1, stage F2—F3, and stage F4 fibrosis groups. Bottom boundary of each box (closest to zero) indicates
25th percentile, horizontal line in each box indicates median value, and top boundary of each box (farthest from zero) indicates 75th percentile. Error bars indicate
10th and 90th percentiles. Outlier (*) is also shown. (¢) Graph shows a significant inverse correlation between percentage of liver fibrosis (x) and mean gas-challenge

AR2* (§) (r= —0.773, P < .001).

AR2* Values at Different Fibrosis
Stages

Fibrosis Stage

Group No. of Rats ~ AR2* (sec™')*
FO-F1 8 19.60 = 4.477
F2-F3 8 14.02 = 2.88%
F4 15 6.26 + 7.40™

* Data are means * standard deviations.
t P < .05 for comparison with rats in stage F2—F3 group.
*# P < .05 for comparison with rats in stage FO-F1 group.

with stages F2 and F3 fibrosis and
those with stage F4 disease (P = .001),
and between the animals with stages
FO and F1 fibrosis and those with stage

F4 disease (P < .001). We observed a
significant inverse correlation between
mean AR2* and percentage of liver fibro-
sis (r=—0.773, P < .001).

Two sets of dynamic time series im-
ages were excluded from our analysis
owing to poor image quality caused by
respiratory motion artifacts. Dynamic
measurements revealed reproducible in-
creases in R2* during room air breathing
and R2" decreases during carbogen
breathing in both the control rats and
the rats with fibrosis (Fig 4). These
processes were well correlated with the
gas-challenge intervals in each animal.
Most parts of the liver were activated
during the gas challenge in the control
animals, while liver activation decreased

dramatically during fibrosis progres-
sion in the animals with fibrosis. There
was a significant inverse correlation be-
tween liver activation and percentage
of liver fibrosis (r = —0.691, P < .001)
(Fig 5). We also observed a signifi-
cant positive correlation between mean
AR2* and liver activation (r = 0.854,
P < .001).

Liver fibrosis, the consequence of
chronic liver injury from a variety of
origins, is an important cause of liver
dysfunction and a life-threatening dis-
ease that affects millions of individuals
worldwide. As demonstrated within the
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Figure 4: () Graph shows dynamic hepatic AR2* values in response to repeated room air and carbogen
gas challenges in control rat and rat with DEN-induced fibrosis. (b, ¢) Transverse liver activation maps show
hepatic regions that demonstrated a strong correlation between cyclical gas-challenge protocol and dynamic
AR2*: A much larger portion of the liver is activated in the healthy (control) rat (b) than in the rat with sub-

stantial (stage F4) fibrosis progression (c).

past 10 years, even advanced fibrosis
can be reversible with proper detection
and treatment (8-10). By using nonin-
vasive diagnosis and staging methods,
one could avoid the complications and
sampling errors common to biopsy pro-
cedures while facilitating close longitu-
dinal follow-up of treatment response.
MR elastography and dynamic contrast-
enhanced MR imaging methods have
been proposed for noninvasive staging
of liver fibrosis. However, elastography
requires additional transducer hard-
ware that is not yet widely available, and
quantitative dynamic contrast-enhanced
MR imaging requires intravenous injec-

tion of potentially nephrotoxic contrast
agents. Similar to BOLD MR methods,
dynamic contrast-enhanced MR imag-
ing methods commonly require the
calculation of quantitative relaxation
properties for estimation of contrast
material concentration levels; however,
they typically also require an additional
postprocessing step that involves fitting
the tissue and plasma concentration
time curves to higher-order pharma-
cokinetic models (32). For accurate, re-
producible results, the latter fitting pro-
cedures generally require high-fidelity
imaging data that are relatively devoid
of motion artifacts. The principal aim of

our study was to investigate the use
of carbogen gas-challenge BOLD MR
imaging as an alternative noninvasive,
nonenhanced imaging method of detect-
ing liver perfusion alterations during
the progression of hepatic fibrosis. In a
rat model of DEN-induced liver fibrosis,
we observed a significant inverse cor-
relation between gas-challenge BOLD
MR measurements and hepatic disease
progression.

With the progression of hepatic
fibrosis, we observed a significant de-
crease in both the gas-challenge AR2"
and the overall area of liver activation.
Both of these findings suggest a reduced
hemodynamic response to the gas chal-
lenge with disease progression. This
altered response may result from (a) a
total derangement of the normal liver
architecture during fibrosis develop-
ment due to the presence of regenera-
tive nodules and fibrous bands or septa
between them, with resulting distor-
tion, compression, and even oblitera-
tion of the hepatic vasculature (33); or
(b) substantially decreased functional
hepatic flow (the amount of blood circu-
lating in the liver) due to the increased
resistance of portal venous blood flow
and the formation of intrahepatic por-
tosystemic functional shunts (34).

The DEN-induced hepatic fibrosis
model used in this study revealed cel-
lular alterations and histologic patterns
similar to those in human liver fibrosis
(35). However, the speed of fibrosis
progression varied in different animals;
hence, a variable number of rats had
each stage of fibrosis. DEN causes acute
liver injury (inflammation and necrosis)
and liver fibrosis. There was a 1-week
interval between the final DEN admin-
istrations (performed weekly) and the
MR examinations. We did not evaluate
changes in hepatic BOLD response be-
tween the acute and chronic stages of
liver injury. Future studies to examine
the relationship between these func-
tional measurements at the acute and
chronic stages are warranted, particu-
larly given the clinical relevance of such
factors. Owing to the rapid progression of
fibrosis in this model, a larger number of
animals ended up developing later-stage
(F4) fibrosis. Because of the relatively
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Figure 5:  Regression plots show (a) inverse correlation between percentage of liver fibrosis (x) and percentage of liver activated at carbogen
gas challenge (y) (r= —0.691, P < .001) and (b) strong correlation between mean observed gas-challenge AR2* (x) and percentage of
responsive liver (y) (r=0.854, P < .001).

small sample, we could not compare
the BOLD responses between the five
METAVIR stages. Nonetheless, even with
the sample size used in this initial fea-
sibility study, we observed significant
differences in gas-challenge BOLD re-
sponses between the animals in each
of the three clinically relevant fibrosis
groups (no substantial fibrosis [stages
FO and F1], substantial fibrosis [stages
F2 and F3], and cirrhosis [stage F4]).
In previous BOLD MR studies in-
volving the examination of mouse liver
tissue, 4.7-T research MR units were
used (30,31). Our current study results
provide strong evidence of the immedi-
ate feasibility of clinical translation be-
cause we used a 3.0-T clinical MR unit
and multiple-gradient-echo sequences
that are readily available on most clini-
cal MR systems. Furthermore, we per-
formed quantitative R2* measurements
rather than T2"-weighted imaging signal
intensity measurements to evaluate the
gas-challenge BOLD responses. The sig-
nal intensity on gradient-echo MR im-
ages can be very sensitive to signal in-
tensity enhancement owing to increases
in blood flow, which are known as the
inflow effect. This effect can lead to dif-
ficulties in distinguishing the differential
contribution of blood inflow and blood
oxygenation to BOLD MR imaging sig-
nal intensity changes (36). Carbogen
was used to induce hyperoxia; it is safe
for humans and has been applied clini-
cally during radiation therapy to raise

the oxygen tension and increase the ra-
diosensitivity of the anoxic region (37).
Compared with using pure oxygen, in-
corporating 5% CO, is believed to coun-
teract any oxygen-induced vasoconstric-
tion; however, further study is needed
to compare the BOLD responses dur-
ing oxygen gas challenges with those
during carbogen gas challenges. Given
the promising results of our preclinical
study and the noninvasiveness of the
described gas-challenge BOLD MR im-
aging method, translational studies in-
volving patients with fibrosis are clearly
warranted.

There were several limitations to
our current study. First, we measured
the mean AR2* for the entire liver rather
than for specific liver regions on each
image section because it was difficult to
coregister the MR images with the his-
tologic specimens and because we as-
sumed a priori that DEN-induced fibro-
sis would progress homogeneously in
each animal’s liver. However, variations
in AR2* and liver activation were ob-
served and probably resulted from the
differing blood supply in the different
liver regions and/or the different levels
of fibrosis. Future studies to further in-
vestigate these intrahepatic differences
in BOLD response in specific regions or
lobes in the liver should be performed.
Furthermore, we did not serially follow
up each animal during DEN administra-
tion and fibrosis progression; rather,
we performed MR imaging in each ani-

mal at a single time point. We chose
the latter approach because of the lo-
gistic complexities involved in serially
following up the animals during these
processes and our desire for reference-
standard histologic confirmation of the
fibrosis stages, which required that we
sacrifice each animal to harvest their
livers. In future BOLD MR studies, fi-
brosis progression could be followed in
each animal. Finally, we determined
liver activation by using a boxcar func-
tion to correlate the dynamic time se-
ries of AR2" values for each liver voxel
and using a correlation coefficient of
0.4 as the threshold of activation. This
threshold value was chosen on the
basis of previous BOLD brain activa-
tion study findings (38). While a range
of threshold values seemed to yield
similar results in our gas-challenge he-
patic BOLD MR examinations, future
studies are warranted to optimize this
threshold.

The total imaging time was roughly
2 hours for each animal because we
measured BOLD response during both
steady-state and dynamic gas challenges.
However, there was a close correla-
tion between mean AR2" and overall
liver activation, suggesting that dynamic
measurements may not be required.
The dynamic BOLD MR measurements
were useful during these preclinical
examinations to demonstrate the tem-
poral responses, but these measure-
ments required the bulk of the overall
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imaging time. While the described find-
ings would need to be reproduced in
studies involving patients, it might be
possible to eliminate the dynamic mea-
surements to reduce the overall imaging
time and facilitate clinical translation.
In addition, respiratory motion during
abdominal imaging can be problematic,
particularly in clinical settings, with
motion artifacts introducing substan-
tial errors on reconstructed R2* maps.
For application of the described gas-
challenge BOLD MR imaging methods
to clinical settings, respiratory synchro-
nization strategies such as bellows trig-
gering (39), diaphragm navigating (40),
and respiratory self-gating (41) may be
critical for avoiding image artifacts dur-
ing these free-breathing examinations.
Alternatively, breath holding could be
used to avoid such respiratory mo-
tion artifacts. However, breath-holding
requirements could limit the spatial
resolution and/or the imaging cover-
age, and, thus, future studies would be
necessary to determine the physiologic
effect of breath holding on hepatic gas-
challenge BOLD response.

In conclusion, carbogen gas-challenge
BOLD MR imaging is a promising method
for the noninvasive diagnosis and staging
of diseases that alter the hemodynamic
processes of the liver. In a rat model of
DEN-induced fibrosis, we observed a sig-
nificant inverse correlation between gas-
challenge BOLD response and degree of
liver fibrosis. Future studies to evaluate
the effectiveness of these techniques in
patients with liver fibrosis are warranted.
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