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Detection of Hepatic Metastases:
Ferumoxides-enhanced MR Imaging
versus Unenhanced MR Imaging
and CT during Arterial Portography'

PURPOSE: To prospectively compare
the diagnostic accuracy of computed
tomography (CT) during arterial por-
tography (CTAP) with that of unen-
hanced and ferumoxides-enhanced
magnetic resonance (MR) imaging at
0.5 T in the detection of hepatic me-
tastases.

MATERIALS AND METHODS: Four
pairs of radiologists independently
assessed the metastatic involvement
of 134 hepatic segments (31 with and
103 without metastasis) in 17 patients
at unenhanced and ferumoxides-en-
hanced spin-echo and gradient-echo
MR imaging (alone and in combina-
tion) and at CTAP. The diagnostic
performance of the various imaging
modalities was assessed by means
of receiver operating characteristic
analysis.

RESULTS: The accuracy of CTAP, un-
enhanced MR imaging (combined un-
enhanced sequences), and ferumoxides-
enhanced MR imaging (combined
contrast material-enhanced sequences)
was 0.925, 0.908, and 0.951, respec-
tively. Ferumoxides-enhanced MR
imaging was significantly more accu-
rate (P < .05) than unenhanced MR
imaging and CTAP. When 14 segments
containing cysts were excluded, the
difference between ferumoxides-en-
hanced MR imaging and CTAP was
no longer statistically significant
(P=.).

CONCLUSION: Ferumoxides-en-
hanced MR imaging is more accurate
than unenhanced MR imaging and at
least as accurate as CTAP for the de-
tection of hepatic metastases.

REOPERATIVE detection of liver me-
tastases is a crucial issue in the
care of patients with known primary
cancer because the number, size, and
distribution of lesions determine the
therapeutic options (1-4). Computed
tomography (CT) during arterial por-
tography (CTAP) is currently consid-
ered the most sensitive nonsurgical
imaging modality for the detection of
liver metastases, with reported sensi-
tivities ranging from 81% to 93% (5-8).
Because of its invasive nature, how-
ever, this modality is not performed
for routine screening. Furthermore,
CTAP is associated with a substantial
false-positive rate (9-11).
Ferumoxides is a tissue-specific

magnetic resonance (MR) imaging
contrast agent used for the detection
of hepatic tumors. The first results at
ferumoxides-enhanced MR imaging
were reported under different names
(Ferrite or AMI-25; Advanced Mag-
netics, Cambridge, Mass and Guerbet,
Aulnay sous Bois, France). Ferumox-
ides is now the generic name assigned
by the United States Adopted Names
Council of the American Medical As-
sociation. In a recent editorial, Weiss-
leder (12) reviewed the published
data on the clinical use of ferumox-
ides: Most of these reports showed an
increased number of detectable liver
lesions. He stressed the need for com-
parison of ferumoxides-enhanced MR

imaging with unenhanced MR imag-
ing and CTAP, with a reliable stan-
dard of reference and the use of gra-
dient-echo (GRE) sequences.

The objective of our study was to
prospectively compare the accuracy
of CTAP with that of unenhanced
and ferumoxides-enhanced MR imag-
ing at 0.5 T in the detection of hepatic
metastases. We used findings at intra-
operative ultrasound (US) as the stan-
dard of reference for pathologic proof
(13-15) and conducted a receiver op-
erating characteristic (ROC) analysis
on a segment-by-segment basis.

MATERIALS AND METHODS
Patients

From July 1993 to February 1994, 23
consecutive patients were referred to Ho-
pital St Eloi for preoperative assessment
of liver metastases. Patients were included
in this study if they () had primary malig-
nancy and suspected liver metastases de-
picted at contrast material-enhanced CT
and (b) were a candidate for resection of
the hepatic metastases. Six patients were
excluded because they did not undergo
surgery (n = 5) or because intraoperative
US was not performed for technical rea-
sons (n = 1). Our final study group com-
prised 17 patients (14 men, three women,
aged 40-80 years [mean, 68 years]). Each
patient underwent CTAP, unenhanced
and ferumoxides-enhanced MR imaging,
and subsequent surgical hepatic explora-
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tion including intraoperative US within

a period of less than 1 month. This study
was performed as part of the phase Illb
trial (after file submission) of ferumoxides
in Europe. The protocol was submitted to
and approved by the ethics committee of
Montpellier Hospital. Informed consent
was obtained from all patients. The pri-
mary tumor originated in the following
sites: colon (1 = 9), rectum (n = 6), stom-
ach (n = 1), and pancreas (n = 1). The sus-
pected metastases were metachronous in
14 patients and synchronous in three.

CTAP

Limited visceral angiography with
10-20 mL of iodinated contrast material
was performed in all patients to position
the tip of a 5-F end-hole catheter (Cordis,
Roden, The Netherlands) in the proximal
superior mesenteric artery to determine
the infusion capacity of the vessel and to
exclude an aberrant right hepatic artery.
The patients were subsequently trans-
ferred to the CT scanner for CTAP, where
they received 200 mL of iodinated contrast
material (sodium and meglumine ioxaglate,
200 mg of iodine per milliliter [Hexabrix
200; Guerbet, Aulnay sous Bois, France]) at
a rate of 2 mL/sec through a power injec-
tor (Medrad, Pittsburgh, Pa). Incremental
CT examination of the liver was performed
(Somatom DRH; Siemens, Erlangen, Ger-
many); 8-mm-thick sections were obtained
at a rate of 7.5 images per minute, with an
intersection gap of 2 mm. The mean num-
ber of CTAP sections throughout the liver
was 15, corresponding to a mean acquisi-
tion time of 1 minute 55 seconds. The first
section was obtained in the upper part of
the liver, 20 seconds after initiation of in-
fusion to obtain images during the portal
phase of arterial infusion.

MR Imaging

MR imaging was performed with a 0.5-T
superconductive imaging system (MR Max;
GE Medical Systems, Milwaukee, Wis).
Ferumoxides (Endorem; Guerbet) was ad-
ministered at a dose of 15 wmol of iron per
kilogram of body weight. The ferumoxides
suspension was diluted in 100 mL of 5%
dextrose solution and was administered
intravenously in 30 minutes. Before and 1
hour after initiation of the injection, long-
repetition-time, spin-echo (SE) (repetition
time [msec]/echo time [msec] = 2,000/40,
80, 120) imaging was performed in the en-
tire liver in the transverse plane. Imaging
was performed with the following param-
eters: 12 sections, 10-mm-thick sections,
5-mm intersection gap, 256 X 192 matrix,
420 x 420-mm field of view, two signals
acquired, and use of superior and inferior
presaturation bands. Gradient moment
nulling and respiratory reordering were
not used because the first increases the
signal of flowing blood and reduces the
number of sections and the second was
not efficient with our MR unit.

Before and 1 hour after injection of feru-
moxides, breath-hold GRE imaging was
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Table 1
Individual and Mean A; for Each Modality
Az Index
Imaging Technique Pairl Pair2 Pair3 Pair4d Mean Az Index*
CTAP 0.896 0.937 0.940 0.927  0.925 = 0.020%
Unenhanced MR imaging
GRE 0.893 0.909 (.868 0.907 0.894 = 0.019
SE 0.821 0.778 0.845 0.861 0.826 = 0.036
GRE and SE combined 0914 0891 0902 0924 0908 = 0.014F
Ferumoxides-enhanced MR imaging
GRE 0.937 0.964 0.946 0.936  0.946 + 0.0137%
SE 0909 0874 0934 0923 0910 = 0.026'
GRE and SE combined 0.943 0.959 0.950 0.951 0.951 = 0.0077%
Unenhanced and ferumoxides-en-
hanced MR imaging combined 0957 0949 0945 0.947 0.950 = 0.005™¥

* Data are mean + standard deviation.

 Mean A, index was higher (P < .05) than that with unenhanced SE sequence (2,000/40, 80, 120).
¥ Mean A; index was higher (P < .05) than that with unenhanced GRE sequence (170/12, with 70° flip

angle).

“Mean A; index was higher (P < .05) than that with combined MR sequences.
Mean A; index was higher (P < .05) than that with CTAP.

performed with the following parameters:
five sections, 10-mm-thick sections, 2-mm
intersection gap, 256 X 192 matrix, 420 X
315-mm rectangular field of view, one sig-
nal acquired, and acquisition time of 31
seconds. Before each series of five sections,
patients were asked to maintain a maximal
deep breath hold for the time of imaging.
Acquisition of three to four series was nec-
essary to explore the entire liver in the
transverse plane.

Instead of comparing images obtained
with the same sequence before and after
administration of contrast material, we
chose to compare images obtained with
optimized sequences for the two situa-
tions. A repetition time of 170 msec was
chosen in both cases to allow five sections
to be acquired in one breath hold. The
echo time was set to the minimum value
(12 msec) on our MR unit. After ferumox-
ides administration this echo time allowed
sufficient T2* weighting, and very low sig-
nal intensity was present in liver paren-
chyma (close to that of background noise)
on MR images.

Before contrast material administration,
the flip angle was 70° for intense T1 weight-
ing. Findings in previous studies have shown
that T1 weighting should be avoided in
ferumoxides-enhanced SE sequences be-
cause it reduces the contrast-to-noise ratio
and the detection rate of liver metastases
(15-20). The flip angle in our contrast-en-
hanced GRE sequence was therefore low-
ered to 45° to obtain the lowest T1 weight-
ing with an acceptable signal-to-noise
ratio. This sequence remains moderately
T1 weighted, but further reduction of the
angle markedly decreased the signal-to-
noise ratio on the images acquired with
our MR unit and was considered to be
unacceptable.

Intraoperative US

Intraoperative US was performed by an
experienced radiologist (E.S.), with a high-
resolution 7.5-MHz intraoperative US

probe (scanner model 1849, B & K Medi-
cal France, Mennecy, France; Sonolayer
SAL35A, Toshiba, Nasu, Japan, respec-
tively). The sterilized probe was applied
on all palpable parts of the liver after mo-
bilization and bimanual palpation of the
liver by the surgeon. The operator
checked the lesions suspected at preopera-
tive imaging, carefully looking for addi-
tional metastases and for other types of
lesions such as cyst, hemangioma, or focal
steatosis. In addition, the operator noted
the segmental location of all metastatic
and benign nodules. The results of this ex-
amination served as a segment-by-segment
standard of reference for the study.
Forty-one metastases ranging from 2 to
85 mm in diameter (mean, 22 mm * 17
[standard deviation]) were detected at in-
traoperative US. Fifteen of these metasta-
ses were less than 10 mm in diameter. If
the larger lesions in each segment are con-
sidered, which is relevant in a segment-
by-segment analysis of metastatic involve-
ment, 31 metastases were detected that
ranged from 2 to 85 mm in diameter
(mean, 27 mm * 16). Five of these metas-
tases were less than 10 mm in diameter.

Pathologic Examination

Eleven of the 17 patients underwent
surgical resection; four had a catheter
placed into the hepatic artery for chemo-
therapy; and two had peritoneal carcino-
matosis, which precluded hepatic resec-
tion or catheter implantation. The resected
specimens represented 31 complete seg-
ments and four cuneiform resections for
metastases. The pathologist was aware of
the results at intraoperative US. The re-
sults confirmed the metastases suspected
at intraoperative US in all resected speci-
mens (20 metastases), which indicated the
absence of false-positive results at intraop-
erative US in this subgroup of segments.
Four of the 11 patients underwent surgery
at another institution (nine complete seg-
ments); no systematic slicing of the speci-
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Figure 1. ROC curves indicate the relative

accuracy with which metastases are detected
with unenhanced and ferumoxides-enhanced
MR imaging. (The ROC curve for the unen-
hanced and contrast-enhanced sequences
combined is similar to that for the contrast-
enhanced sequences combined.)

mens was done. Therefore, false-negative
intraoperative US findings cannot be ex-
cluded in these cases. Specimens from
seven of the 11 patients (22 complete seg-
ments) were sliced into 1-cm-thick sec-
tions. Two additional metastases less than
1 cm in diameter were found in segments
already involved with larger lesions. These
results did not modify the intraoperative
US segment-by-segment standard of refer-
ence. The standard of reference in this
study was therefore pathologic analysis in
22 segments and intraoperative US in the
remaining 112 segments.

Image Review

Two sets of images obtained with each
of the five modalities (CTAP, unenhanced
and ferumoxides-enhanced SE and GRE
MR imaging) were placed in individual
folders after the patient’s name was masked.
Our study was conducted on a segment-
by-segment basis. As our objective was to
assess the ability of readers to detect le-
sions and not to localize them, we tried to
prevent mislocation of the lesions by the
readers. Hepatic segmentation according
to the Couinaud numbering system (21,22)
was drawn directly by one radiologist
(E.S.) not involved in reading sessions on
one set of images (23). This set served as
a guide to avoid disagreement about the
segmental location of the lesions.

The examinations were reviewed by
four independent pairs of two experi-
enced radiologists (J. Pradel and ].M.B.,
D.M. and Alain Duron, P.T. and Y.B., or
B.V.B. and J. Pringot), who knew that the
patients were referred for preoperative
assessment of liver metastases but did not
know any other information about the
patients’ history. For each patient, the four
pairs of readers reviewed images obtained
with the five individual modalities and
three combined modalities (unenhanced
sequences combined, ferumoxides-en-
hanced sequences combined, and unen-
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hanced and ferumoxides-enhanced se-
quences combined). This represented a
total of 544 readings for all patients (136
readings per pair of readers).

For each pair of reviewers, the review-
ing procedure was performed in five ses-
sions at 2-week intervals. At each session,
images obtained with one individual mo-
dality per patient were reviewed. To limit
learning bias, we introduced a balanced
permutation of the order of the patient
images in the reading sessions and of the
order of the individual modality images
for each patient in the five reading ses-
sions. These orders were different for each
pair of readers (24). Images obtained with
each combined modality were evaluated
immediately after each pair of readers had
reviewed the images obtained with the
last individual modality composing this
combined modality. Eight modalities per
patient were reviewed, therefore, in five
reading sessions.

In the 17 patients, a total of 136 seg-
ments were represented. Two segments
were excluded, one because of the uncer-
tain nature of a lesion that could not be
sampled at biopsy or removed. In the
other case, two segments were totally oc-
cupied with a single metastasis and were
considered to be a single segment. A total
of 134 segments (31 with at least one me-
tastasis and 103 without metastasis) were
entered into the ROC analysis. The num-
ber of metastatic segments per patient
ranged from 0 to 5 (mean, 1.8). Five meta-
static segments contained only metasta-
sis(es) less than 1 cm in diameter. Fourteen
segments contained at least one benign
liver cyst, and two of the 14 segments con-
tained both metastasis and cyst. In seven
of these segments, the larger cyst was less
than 5 mm in diameter. No hemangiomas
or focal steatosis were observed in our
series.

Each of the two readers were asked
to state in consensus for each segment
whether they were able to ascertain the
presence or absence of metastases. They
assigned one of five confidence levels (5 =
metastasis definitely present, 4 = metasta-
sis probably present, 3 = undetermined,

2 = probably no metastasis present, 1 =
definitely no metastasis present). When

a lesion invaded two or more segments,
readers were asked to consider the lesion
in only the segment mainly involved and
to assess the probability of another lesion
in the other segment(s).

Statistical Analysis

For each imaging modality, a binomial
ROC curve was fitted to each pair’s confi-
dence rating data by using a maximum
likelihood estimation (25). The diagnostic
accuracy of each imaging modality for
each pair of readers was estimated by cal-
culating the area under the ROC curve (A,
index) (26). The differences between imag-
ing modalities in terms of the mean areas
under the ROC curves (mean A, index)
were statistically analyzed by using the
two-tailed Student t test for paired data

(27). The 95% confidence intervals repre-
senting the range (lower boundary, upper
boundary) within which the true value

of the difference between two accuracies
plausibly lies, were calculated for the main
comparisons when the difference was not
statistically significant (P > .05) (28). Com-
posite ROC curves representing the per-
formance of all pairs of readers as a single
pair were obtained for each imaging mo-
dality by using the maximum-likelihood
curve-fitting algorithm to rate the pooled
data of the four pairs of readers (27).

Differences between ROC curves of in-
dividual pairs of readers were not tested
because we used multiple segments from
each patient. The algorithms used for sta-
tistical comparison of ROC curves were
estimated from correlated data sets and
account for case sample variation. There-
fore, any correlation between reading of
different segments served to reduce the
effective size of the segment sample,
thereby potentially causing statistical sig-
nificance to be overestimated with the al-
gorithms (27,29). The Student ¢ test for
paired data does not attempt to account
for case sample variation, and the statisti-
cal significance of the difference between
mean A, values was not affected by our
use of multiple segments from each pa-
tient (27,29).

Given the abnormally high rate of seg-
ments containing cysts in our population,
we performed a second ROC analysis in a
subpopulation of segments without cysts
(120 segments [29 with at least one metas-
tasis and 91 without metastasis]) for CTAP
and ferumoxides-enhanced MR imaging.

To compare the risk of false-positive re-
sults in the presence of cysts at CTAP and
ferumoxides-enhanced imaging, we used
the confidence level ratings for each pair
of readers in a subgroup of nonmetastatic
segments containing cysts. Ratings of 3, 4,
and 5 were considered false-positive re-
sults. Comparison between values for CTAP
and ferumoxides-enhanced imaging were
obtained by means of paired Student ¢ tests.

RESULTS

The A, values for each of the four
pairs of readers with all modalities are
shown in Table 1. ROC curves con-
structed on the basis of pooled data
from all pairs of readers are shown in
Figures 1 and 2a.

Ferumoxides-enhanced
MR Imaging

For ferumoxides-enhanced MR im-
aging, the combination of GRE and SE
sequences provided the greatest accu-
racy, with a mean A, of 0.951. No sta-
tistically significant difference was
found between the three ferumoxides-
enhanced imaging sequences (GRE,
SE, and GRE and SE combined) (Table
2). False-negative and false-positive
results were compared for each seg-
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ment and for each group of readers in
the noncystic group of segments (116
scores concerning metastatic segments
and 364 scores concerning nonmeta-
static segments). We observed 10
false-negative results (ratings of 1, 2,
or 3) and 42 false-positive results (rat-
ings of 3, 4, or 5) for the SE sequence
when a true result was obtained with
the GRE sequence, and we observed
two false-negative and eight false-
positive results for the GRE sequence
when a true result was obtained with
the SE sequence.

Unenhanced versus
Ferumoxides-enhanced
MR Imaging

For unenhanced MR imaging, the
combined unenhanced sequences
provided the highest accuracy, with a
mean A, of 0.908. Accuracy with the
ferumoxides-enhanced SE and GRE
sequences was statistically superior
to that with the corresponding un-
enhanced sequences (P = .002 for SE
imaging, P = .016 for GRE imaging).
Accuracy with the combined contrast-
enhanced sequences was significantly
greater (P = .02) than with the com-
bined unenhanced sequences (Fig 3).
No metastatic segment was missed
with the combined contrast-enhanced
sequences that was correctly scored
with the combined unenhanced se-
quences. Accuracy with the combina-
tion of unenhanced and contrast-en-
hanced sequences was not statistically
different (P = .83) from accuracy with
the combination of contrast-enhanced
sequences.

CTAP versus
Ferumoxides-enhanced
MR Imaging

Accuracy with the combined con-
trast-enhanced MR sequences was
significantly greater (P = .048) than
with CTAP (Fig 4). No statistically sig-
nificant difference was observed in
accuracy with CTAP versus that with
contrast-enhanced GRE imaging (P =
.09), contrast-enhanced SE imaging
(P = .42), and unenhanced and con-
trast-enhanced MR imaging com-
bined (P = .15).

Because of the large number of seg-
ments containing cysts (10%), we per-
formed another ROC analysis after
excluding these segments, for a sub-
population of 120 segments (29 with
and 91 without metastasis). Results
are shown in Table 3 for CTAP and
ferumoxides-enhanced imaging. No
statistically significant difference was
found between the accuracies of CTAP
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Figure 2. ROC curves for CTAP and combined ferumoxides-enhanced sequences (a) for all
segments and (b) after excluding segments containing cysts.

Table 2

P Values and 95% Confidence Intervals in Nonsignificant Statistical Results

Difference 95% Confidence
Comparison in Az* P Value Interval

Enhanced GRE vs enhanced SE 0.036 = 0.018 15 —-0.023, 0.095
Enhanced GRE-SE vs enhanced SE 0.041 = 0.015 .08 —0.008, 0.089
Enhanced GRE-SE vs enhanced GRE 0.005 = 0.004 31 ~0.008, 0.018
Enhanced GRE-SE vs enhanced GRE-5E and

unenhanced SE-GRE 0.001 = 0.005 84 —0.016, 0.018
Enhanced GRE-SE vs CTAP! 0.019 = 0.008 10 -0.007, 0.046
* Data are mean + standard deviation of the first imaging technique minus the second.
" In segments not containing cyst

and contrast-enhanced MR imaging DISCUSSION

(contrast-enhanced SE imaging, P =
.25; contrast-enhanced GRE imaging,
P = .24; contrast-enhanced sequences
combined, P = .1; unenhanced and
contrast-enhanced sequences com-
bined, P = .29). ROC curves con-
structed on the basis of pooled data
from all pairs of readers for CTAP
and the combined contrast-enhanced
sequences are shown in Figure 2b. P
values and confidence intervals for
the comparison of these two modali-
ties are shown in Table 2.

Cysts

In the subgroup of 12 nonmeta-
static segments containing cysts, the
contrast-enhanced GRE sequence and
the combination of unenhanced and
contrast-enhanced sequences pro-
vided significantly fewer false-posi-
tive results than contrast-enhanced
SE sequences (P = .022 and .014, re-
spectively) and CTAP (P = .035 and
.037, respectively) (Table 4). The con-
trast-enhanced GRE sequence alone
provided significantly (P = .006)
fewer false-positive results than the
combined contrast-enhanced MR
sequences.

In previous studies (15-20,29-32),
superior detection of hepatic tumors
was reported for ferumoxides-en-
hanced compared with unenhanced
MR imaging, except in two studies
(31,32). Most of these studies, how-
ever, had several limitations: (a) an
appropriate standard of reference was
not used against which tumor detec-
tion could be measured (16-20,29-32),
(b) different histologic types of hepatic
tumors were included (18-20,31), and
(c) GRE sequences were not tested
(15,17-20,31-32). Moreover, the speci-
ficity cannot be evaluated when com-
paring the number of detected lesions
because of the lack of information
concerning true-negative results. Be-
cause a lower sensitivity of one mo-
dality compared with another can be
compensated with a higher specific-
ity, the relative performance of two
techniques cannot be accurately de-
termined (25).

In our study, we performed ROC
analysis, which is a more precise tool
for measuring the diagnostic perfor-
mance of different imaging procedures
since it can take into account the vari-
ations in decision criteria (25). Several
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Figure 3. MR images of hepatic metastases from colon cancer. Unenhanced (a) SE (2,000/80)
and (b) GRE (17012, 70" flip angle) MR images show no lesion in the left lobe of the liver. (c) In
ferumoxnides-enhanced SE (2,000/40) MR image, the metastasis in the left lobe is barely visible
(arrow). (d) Ferumoxides-enhanced GRE (170/12, 457 flip angle) image clearly shows a 2-cm-
diameter metastasis (arrow) in the left lobe. The difficulty in anatomically matching sections is
illustrated here. At the level of the left lobe metastasis, a large right lobe metastasis is visible on
the unenhanced SE image (arrowhead in a) and better seen on the ferumoxides-enhanced SE
image (arrowhead in ¢), whereas it was present one section lower on the GRE image (in d).

studies comparing techniques for
liver imaging by means of ROC curve
analysis have been conducted by se-
lecting matching anatomic sections
(29,33,34). We chose a segment-by-
segment analysis because the match-
ing of anatomic sections is difficult to
obtain with imaging techniques per-
formed at different respiratory status.
Tilting or deformation of the liver be-
tween breath holds of different status
and cephalocaudal motion of the liver
during SE imaging makes the exact
matching of sections practically im-
possible (Fig 3). With the segment-by-
segment method, an overall analysis
of each segment is done; therefore,
differences in respiratory status, sec-
tion thickness, and intersection gap
are less crucial than they are when
sections are matched.
Contrast-enhanced breath-hold
GRE imaging was the best individual
modality, and the combination of con-
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trast-enhanced SE and GRE imaging
was the best modality in general. Find-
ings in previous studies in animals (35)
or humans (16,36) have indicated the
interest in non-breath-hold GRE im-
aging after ferumoxides administra-
tion. Breath-hold imaging has great
diagnostic potential because intra-
voxel blurring and respiratory motion—
induced ghosting artifacts are re-
duced (37). No statistically significant
difference was found among the three
ferumoxides-enhanced sequences. Fail-
ure to demonstrate a statistically sig-
nificant difference, however, does not
indicate that no difference exists. Be-
cause the difference between imaging
with the SE sequence and with the
combination of SE and GRE se-
quences was close to statistical sig-
nificance (P < .1) and the confidence
interval was large with a lower bound-
ary close to zero, we think that a GRE
sequence should be associated with

an SE sequence in ferumoxides-en-
hanced MR imaging.

Our results confirm the superiority
of ferumoxides-enhanced MR imag-
ing over unenhanced MR imaging in
the detection of liver metastases. Re-
sults at imaging with the SE and GRE
sequences (alone and in combination)
were significantly better after ferumox-
ides administration. In a previous study
with ROC analysis comparing the de-
tection of liver metastases with unen-
hanced and ferumoxides-enhanced
MR imaging at 0.6 T, results with a
contrast-enhanced SE sequence (1,500/
40) were similar to results obtained
with our contrast-enhanced SE se-
quence (29).

Biliary cysts are the most frequent
cause of benign nodules in the liver,
and differentiation of cysts from me-
tastases might be troublesome. Among
our contrast-enhanced MR imaging
techniques, the GRE sequence had
the lowest false-positive rate in the
group of 12 nonmetastatic segments
containing cysts. Because of T1 weight-
ing, cysts had very low signal inten-
sity, close to that of parenchyma, and
were probably not seen in most cases.
This sequence provided significantly
fewer false-positive results than did
the contrast-enhanced SE sequence.

It is theoretically possible to differ-
entiate cysts and metastases with late
echoes in the contrast-enhanced SE
sequence, but this feature was not
readily usable in the case of small
cysts (Fig 5). Readers obtained a sig-
nificantly higher false-positive rate for
images obtained with the combined
enhanced sequences than with the
GRE sequence alone. Because the low
signal intensity of cysts on contrast-
enhanced T2*- and T1-weighted GRE
images has not been previously de-
scribed, to our knowledge, we believe
the readers relied more on images
obtained with one sequence that de-
picted nodules (SE) than on images
obtained with a sequence that did not
depict them (GRE). A thorough knowl-
edge of this feature would probably
have increased the specificity of the
combined modality.

For detection of hepatic metastases,
findings with the combination of all
unenhanced and contrast-enhanced
sequences were not superior to find-
ings with the combination of all con-
trast-enhanced sequences. The small
confidence interval indicated that a
true difference, if any, was small. The
interest in unenhanced MR images
for ferumoxides-enhanced image
analysis may be seen in terms of de-
tection (metastases visualized on un-
enhanced images and obscured after
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ferumoxides administration) or char-
acterization (differentiation of metas-
tases from frequently encountered
benign lesions such as cyst and he-
mangioma). In our study, no meta-
static segment was missed with the
combined enhanced sequences that
was correctly scored with the com-
bined unenhanced sequences. Con-
versely, cysts were responsible for
fewer false-positive results with the
GRE sequence than with the com-
bined unenhanced and contrast-en-
hanced sequences. Therefore, we sus-
pect that unenhanced imaging might
be unnecessary in the future in feru-
moxides-enhanced MR examinations.
To date, ferumoxides-enhanced MR
imaging has been studied in clinical
trials that include unenhanced and
contrast-enhanced imaging, but this
protocol will be difficult to implement
in clinical practice because of time
constraints. Further studies must be
conducted to confirm our results and
to define characterization criteria for
hemangiomas with ferumoxides-
enhanced sequences.

Until the advent of superparamag-
netic contrast agents, the role of MR
imaging in the detection of liver me-
tastases was secondary to CTAP (5,6,8).
To our knowledge, ours is the first
study to compare ferumoxides-en-
hanced MR imaging and CTAP. For
the comparison of CTAP and com-
bined contrast-enhanced MR imaging
in the group of segments without
cysts, the P value was .1 and the 95%
confidence interval was large, with a

lower boundary close to zero (—0.007).

This means that one can be 97.5% cer-
tain that either the accuracy with the
combined enhanced sequences is su-
perior to CTAP or the difference is
less than 0.007. Therefore, MR imag-
ing with the combination of GRE and
SE sequences after ferumoxides ad-
ministration was at least as accurate
as CTAP in the detection of liver
metastases.

When segments containing cysts
were included, MR imaging with the
combination of ferumoxides-enhanced
sequences was more accurate than
CTAP. The presence of cysts resulted
in false-positive results with CTAP in
most of the 14 segments containing
cysts. The low specificity of CTAP in
the presence of both metastases and
cysts is well known, and correlation
with findings at conventional CT per-
formed before CTAP or at delayed
CT performed after CTAP is generally
done in clinical practice (9,10). We
doubt the efficacy of the additional
imaging when cysts are very small,
but we decided to rely on the results
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a.

Figure 4. False-positive CTAP finding in a patient with hepatic metastasis from colon cancer.
(a) CTAP scan shows a 3-cm-diameter metastasis in the left lobe (arrow) and a 4-cm-diameter
nontumorous vascular defect in the right lobe (arrowhead). (b) Ferumoxides-enhanced SE
(2,000/40) MR image confirms the presence of the metastasis (arrow), whereas no lesion corre-
sponding to the right-lobe nodule seen on a is depicted. No lesion was found in this area at

intraoperative US (not shown).

Table 3

Individual and Mean A; for CTAP and Ferumoxides-enhanced MR Imaging after

Exclusion of Segments with Cysts

Az Index
Imaging Technique Pairl Pair2 Pair3d Paird Mean AzIndex*
CTAP 0912 0.944 1.950 0.948 0.938 = 0.017
Ferumoxides-enhanced MR imaging
GRE 0.939 0.966 0.950 0,942 0.949 = 0.012
SE 0.916 (1.881 (.943 0.929 0,917 = 0.027
GRE and SE combined 0.956 0.960 0.958 0.956 0.957 = 0.002
Unenhanced and ferumoxides-en-
hanced MR imaging combined 0,956 0953 0948 0949 0.952 + 0.004
* Data are mean £ standard deviation
obtained after exclusion of segments
8 Table 4

containing cysts in the comparison of
CTAP and ferumoxides-enhanced MR
imaging because additional CT scans
(obtained before or after CTAP) were
not available for reading sessions.

Our study has a number of limita-
tions. First, the available imaging devices
were not state-of-the-art equipment.
Spiral technology should improve
lesion detection with CTAP by en-
abling use of thinner collimation and
overlapping reconstruction, reducing
motion artifacts, and suppressing sys-
temic recirculation of the iodinated
contrast agent during scanning (9).
Our imaging time was long enough to
allow systemic recirculation, which
may diminish contrast differences be-
tween tumors and nonneoplastic he-
patic parenchyma. If we consider the
metastatic segments that were scored
1, 2, or 3 by at least one pair of read-

False-Positive Results for the 12
Nonmetastatic Segments Containing
Cysts

Reader Pair

Imaging
Technique e R
CTAP 9 10 9 4
Ferumoxides-enhanced MR
imaging
GRE 1 6 1 2
SE RS
GRE and SE combined 3 7 3 4
Unenhanced and ferumox-
ides-enhanced MR
imaging combined - R TN

Note.—Data are number of false-positive re-
sults.

ers, however, none of the segments
corresponded to inferior segments of
the liver (V or VI) that were imaged
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late after the start of contrast material
injection.

At MR imaging, respiratory reor-
dering could not be used in SE se-

Volume 200 ®* Number 3

Figure 5. Two hepatic metastases and numerous cysts in a patient with colon cancer. Metas-
tases and cysts were confirmed at intraoperative US and pathologic analysis of two resected
segments (IV and VII). (a) CTAP scan shows numerous vascular defects, only two of which are
related to metastases (arrows). Other vascular defects are cysts. The hepatic segmentation was
drawn on the images obtained with each individual modality. This guide to location, repre-
sented here for CTAP, was available along with the regular images in the reading sessions to
avoid errors in location of the lesions. Numbers are segment numbers. Ferumoxides-enhanced
(b) GRE (170//12, 45° flip angle), (c) SE (2,000/40), and (d) SE (2,000/120) MR images were ob-
tained at the level of the large metastasis (arrow) and depict a 3-cm-diameter cyst (arrowhead).
The cyst is not seen on b, whereas on ¢, metastasis and cyst cannot be differentiated. On d, the
cyst has a higher signal intensity than the metastasis. Ferumoxides-enhanced (e) GRE (170/12,
45° flip angle), (f) SE (2,000/40), and (g) SE (2,000/120) MR images were obtained at the level of
the small metastasis (arrow) and depict a 1-cm-diameter cyst (arrowhead on f and g). Because
of partial volume effect and low signal-to-noise ratio, the differentiation of cyst from metasta-
sis is not straightforward on f and g, whereas only the metastasis is visible on e.

quences and we could not avoid some
T1 weighting in our breath-hold T2*-
weighted GRE sequence. With more
recent technologies, we expect an ac-

ceptable signal-to-noise ratio with use
of a lower flip angle and a potentially
better contrast-to-noise ratio and de-
tection rate. Furthermore, the multi-
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planar capacity in breath-hold GRE
sequences was not used. In a recent
article (38), lesion detection with T1-
weighted unenhanced GRE sequences
in three planes was superior to that
in the axial plane alone, especially for
lesions smaller than 1 cm in diameter.

Second, because we used segment-
by-segment analysis, the number of
segments containing only lesions
smaller than 1 cm in diameter was
low because, in many cases, small le-
sions were situated in a segment or
segments that also contained a larger
lesion. The capacity of CTAP and
ferumoxides-enhanced MR imaging
could not be compared for these par-
ticular lesions. In a recent article,
Hagspiel et al (15) reported a low sen-
sitivity (56%) in lesion detection for
ferumoxides-enhanced MR imaging,
which they explained as a result of
the high rate of metastases smaller
than 1 cm in diameter (41%). Because
the main value of CTAP is in the de-
tection of small lesions (9), we cannot
exclude that results with CTAP would
be better in such cases.

Third, our standard of reference
was findings at intraoperative US and
pathologic analysis in 22 segments
and at intraoperative US alone in 112
segments. In recent studies, the sensi-
tivity of intraoperative US in the de-
tection of hepatic metastases ranged
from 80% to 96% (14,15). We therefore
cannot exclude false-negative results
in our standard of reference. This lim-
itation should not influence the re-
sults of a comparative study of imag-
ing modalities, but absolute values
of accuracy should be regarded with
caution.

In conclusion, ferumoxides-enhanced
MR imaging at 0.5 T is at least as accu-
rate as CTAP and more accurate than
unenhanced MR imaging in the pre-
operative assessment of liver metasta-
ses. Further studies must be conducted
to compare the accuracy of these two
techniques with that of spiral CT tech-
nology and state-of-the-art MR pulse
sequences and for lesions smaller than
1 cm in diameter. Nevertheless, we
believe that ferumoxides-enhanced
MR imaging is a good alternative to
CTAP, which is invasive and expen-
sive. Because ferumoxides-enhanced
MR imaging is noninvasive, it may
also be used for routine screening.
Ferumoxides-enhanced GRE imaging
is accurate and should be included in
the ferumoxides-enhanced MR proto-
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col. With improvement in sequences
and use of the multiplanar capacity of
breath-hold sequences, the accuracy
of the technique is likely to improve.
When this sequence is T1 weighted, it
allows good differentiation of metas-
tases from cysts on contrast-enhanced
images. For cost effectiveness, unen-
hanced imaging should be avoided
and, therefore, further improvements
in sequence design are necessary to
help differentiate metastases from
other nonmalignant nodules such as
hemangiomas on contrast-enhanced
images. =
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