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Abstract

Purpose—To evaluate the conspicuity of bone metastases on each of the numerous sequences
produced by fast Dixon-based multisequence whole-body (WB) MRI scanning in order to
determine the most clinically useful sequences overall and per anatomic region.

Materials and Methods—Twenty-seven breast cancer patients with bone metastases were
prospectively studied with fast Dixon-based WB MRI including head/neck, chest, abdominal,
pelvic, thigh, calf/feet, and either cervical, thoracic and lumbar or cervical/thoracic and thoracic/
lumbar regions. Sequences included coronal T2, axial T1 without and with intravenous
gadolinium (+C), sagittal T1 spine +C, each associated fat only (FO) and fat saturated (FS)
sequence, axial DWI and STIR. Blinded reviewers evaluated lesion conspicuity, a surrogate of
clinical utility, on a 5 point scale per anatomic region. Sequences were compared using ANOVA,
differences detected with Tukey’s HSD, and the four sequences with highest mean conspicuity
were compared to the remainder overall and per anatomic region.
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Results—Overall, a significant lesion conspicuity difference was found (£<0.0001), and lesion
conspicuity was significantly higher on FS T1 +C, FO T1 +C, T1 +C sagittal, FS T1 +C axial
sequences (£<0.0001). Per region results were the same in head/neck. Other sequences overlapped
with these and included: Chest/abdomen-FO T2, DWI; pelvis- DWI, FO T2; thigh-FS T2, FO T2,
FO T1 +C; calf/feet-FS T2, DWI, FO T2, STIR.

Conclusion—Ouverall, bone lesions were most conspicuous on FS T1 +C sagittal, FO T1 +C
sagittal, T1 +C sagittal and FS T1 +C axial fast Dixon WB MRI sequences.
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1. Introduction

Whole-body (WB) MRI has been investigated for the detection of distant cancer metastases
throughout the body on a single examination [1-3]. WB MRI has proven to be an effective
method of evaluating the entire skeleton for bone metastases [4], which are common in
patients with advanced breast cancer [5]. In comparison with other WB imaging modalities,
MRI has the intrinsic advantage of providing excellent soft tissue contrast and high spatial
resolution without the use of ionizing radiation. WB MRI is an evolving technique, and
early studies included limited numbers of sequences [1, 2], thereby potentially
compromising diagnostic accuracy.

More recently, investigators have successfully used two fast Dixon techniques, a fast spin
echo triple echo Dixon (FTED) sequence [6] and a three-dimensional (3D) fast spoiled
gradient echo dual echo Dixon (3D FSPGR-DE) sequence [7], to acquire coronal T2-
weighted and axial T1-weighted images in a WB setting [8]. Breath-hold acquisitions can be
performed with uniform water and fat separation despite the large-field inhomogeneity
inherent to WB MRI. Large numbers of sequences can be performed in approximately 1
hour of total examination time [8]. For each individual fast Dixon T1- or T2-weighted
acquisition, three types of images are generated [fat-only (FO), water-only, and in-phase
(non-fat-suppressed (non-FS)] requiring no additional scan time and resulting in triple the
number of sequences produced by using conventional MRI techniques. The greater variety
of sequences can potentially increase the diagnostic efficacy of the scans [9]. For ease of
discussion, the water-only sequences are interchangeably referred to as “FS T1” or “FS T2”
and the in-phase sequences are interchangeably referred to as “T1” or “T2” in the remainder
of the text.

WB MRI protocols commonly image the body by using 4—-6 anatomic sections with multiple
imaging planes per station. Each fast Dixon WB MRI study can therefore generate more
than 50 sequences. Interpretation throughput is an important consideration regarding the
cost-effectiveness of the scans [10], creating the need to find the sequences with the highest
yield for detecting metastases. Identifying the sequences on which lesions were more
conspicuous among the many sequences generated in a multisequence WB MRI study
would allow radiologists to improve reading throughput. Therefore, we conducted the
present study to determine the clinical utility of each sequence produced using the fast
Dixon WB MRI technique and DWI for the detection of bone metastases in breast cancer
patients using lesion conspicuity as an indicator of clinical utility. We expect the findings of
this study to help in the selection of the highest-yield sequences for detection of bone
metastases.

Magn Reson Imaging. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Costelloe et al.

Page 3

2. Materials and methods

2.1 Patients

This study was approved by the institutional review board, and all patients gave their written
informed consent to participate. All patients had breast cancer and at least one bone
metastasis on prior bone scan or biopsy, and no contraindications to MRI or intravenous
gadolinium-based contrast agents. Subjects were identified by reviewing the Nuclear
Medicine Department’s patient schedule for follow-up bone scans. Twenty-seven female
patients were prospectively accrued, and their ages ranged from 36 to 74 years (median 54
years). All patients were receiving therapy at the time of their scan.

2.2 Image acquisition

All WB MRI studies were performed using a commercially available 1.5 T whole-body
scanner (Signa; GE Healthcare, Waukesha, WI) without any hardware modifications. The
study protocol details were described previously [8] and scan parameters are listed in Table
1. Patients were imaged in a supine position using multiple table stations without
repositioning. The scanner’s radiofrequency body coil was used for all stations with the
exception of T1- and T2-weighted imaging of the chest/abdomen and pelvis, for which an
eight-element torso phased array coil was used to increase the signal-to-noise ratio. After
scout images were obtained, axial DWI images were acquired using a short tau inversion
recovery (STIR)-prepared DW sequence (b = 500 s/mm?2) [11]. The DW sequence also
included an acquisition of b = 0 of each slice, which produced an equivalent STIR sequence.
Coronal T2-weighted images with the FTED sequence [6] and precontrast axial T1-weighted
images with the 3D FSPGR-DE sequence [7] were then obtained. Afterward, the patient
table was moved to the abdomen station, where each patient received an injection of a single
dose of gadolinium contrast (+ C). Postcontrast axial WB images and postcontrast sagittal
spine images were acquired using the 3D FSPGR-DE sequence. For each acquisition, both
FTED and 3D FSPGR-DE sequences were Dixon-based and produced a water-only, FO, and
non-FS or combined water and fat image. The mean overall examination time was 68
minutes.

2.3 Image evaluation

The skeleton was segmented into the following anatomic regions based on the table stations:
head/neck; chest/abdomen; pelvis; thigh; calf/feet; and either separate cervical, thoracic and
lumbar spines or combined cervical/thoracic and thoracic/lumbar spines. A minimum of one
bone lesion was required for evaluation of each anatomic region. When no lesions were
identified in an anatomic region, the region was excluded from analysis. Each lesion was
evaluated using a five-point visual scale for conspicuity (5 = extremely conspicuous, 4 =
highly conspicuous, 3 = moderately conspicuous, 2 = not conspicuous, and 1 = not visible).
A score of 5 was equated with the conspicuity of the urinary bladder on a T2-weighted,
heavily fat saturated image (Fig. 1). When multiple bone lesions were present in a region,
one conspicuous bone lesion was chosen randomly on sequences that were varied per
anatomic region to avoid selection bias. The lesion was subsequently evaluated on each
sequence obtained in the respective imaging plane of the anatomic region. Each anatomic
region was evaluated independently.

WB MRI studies were evaluated by two musculoskeletal and one body radiologist. The
reviewers were blinded to the results of all other imaging studies. Evaluations were
performed in consensus, eliminating the possibility of discordant readings. The data for this
study were obtained contemporaneously with a different investigation of the same images
that evaluated the sensitivity and specificity of the WB MRI scans and bone scans as
compared to reference imaging for the detection of bone metastasis. The separate evaluation
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demonstrated 1 — > 72 bone metastases per patient and > 862 metastases overall [12]. While
the reviewers were blinded to these results, they signify that a large number of bone
metastases were present on the WB MRI scans. As per the expertise of the reviewers, lesions
demonstrating signal intensity, morphology and location most consistent with metastases
were evaluated.

2.4 Statistical analysis

2.4.1 Overall sequence analysis—The data from each anatomic region were combined
so that the sequences could be assessed overall. Axial T1, axial FS T1, axial FO T1, axial T1
+ C, axial FS T1 + C, axial FO T1 + C, coronal T2, coronal FS T2, coronal FO T2, axial
DWI, and axial STIR sequences were included in the overall analysis. Sagittal spine
sequences were also included and were acquired only after administration of the contrast
agentusing T1+ C, FST1 + C, and FO T1 + C sequences. Additionally, some spines were
scanned in two acquisitions (cervical/thoracic and thoracic/lumbar), whereas, others were
scanned in three acquisitions (cervical, thoracic, and lumbar). Thus, the spine sequences
were combined using the maximum conspicuity values of the two or three measurements,
respectively. Therefore, the overall analysis included a total of 14 sequences (the 4 most
conspicuous are included in Table 2). The conspicuity score (1-5) was analyzed as a
continuous variable. For each sequence within a patient, the maximum conspicuity level
across body segments was calculated, and these levels were compared among sequences by
using analysis of variance (ANOVA). If a statistically significant difference among the
sequences was found overall, Tukey’s HSD test [13] was used to carry out all pairwise
comparisons among sequences. As a result of the pairwise comparisons, an additional
analysis was performed: the sequences with the four highest mean conspicuity values were
compared with the remaining sequences using a linear contrast within ANOVA.

2.4.2 Anatomic region sequence analysis—The sequences were also analyzed
according to anatomic region (head/neck, chest/abdomen, pelvis, thigh, calf/feet and sagittal
spine). Due to anatomic overlap of the sagittal spines with other regions, some values were
duplicated. When a patient’s spine was scanned with two sagittal acquisitions, the thoracic/
lumbar values were incorporated twice: first for the chest/abdomen region and also for the
pelvis region. In these patients, the cervical/thoracic data was applied to the head/neck
region. When a patient underwent three separate sagittal spine acquisitions (cervical and
thoracic and lumbar), the first value was used for the head/neck region, the second value was
used for the chest/abdomen region, and the third value was used for the pelvis. A total of 14
sequences were analyzed for the head/neck, chest/abdomen and pelvis regions. A total of 11
sequences were analyzed for the thigh and calf/feet stations because the sagittal C, T and L
spine sequences were not applicable in those locations. The 4 most conspicuous sequences
are included in Tables 3—7. The conspicuity score was also considered in this analysis as a
continuous variable. For each region separately, as in the overall analysis, sequences were
evaluated for overall differences in conspicuity score using ANOVA. If a statistically
significant difference was observed, Tukey’s HSD test was used to perform pairwise
comparisons among the sequences to determine which sequences differed. Subsequently, the
four sequences with the highest mean conspicuity values were compared with the remaining
sequences using a linear contrast with ANOVA. The statistical significance level for all
analyses was set at 0.05. With the exception of the Tukey HSD procedure that was used to
adjust for multiplicity within each region, no additional adjustment was made for
multiplicity between the regions. Computations were performed using the SAS software
program (version 9; SAS Institute Inc., Cary, NC).
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3. Results

3.1 Overall sequence analysis

We observed a statistically significant difference in lesion conspicuity among the sequences
overall (P<0.0001; ANOVA). Table 2 shows overall conspicuity by scan sequence. The top
number in the cell refers to the count for that particular conspicuity score and the bottom
number refers to the row percentage for that particular conspicuity score. Pairwise
comparison demonstrated that the conspicuity values for the FS T1 + C sagittal (Fig. 2), FO
T1 + C sagittal, T1 + C sagittal, and FS T1 + C axial sequences throughout the entire body
were significantly higher than those for the other sequences (P < 0.0001; ANOVA).

3.2 Anatomic region sequence analysis

We found a significant difference in lesion conspicuity when they were analyzed only in the
individual anatomic regions including the head/neck (P < 0.0001), chest/abdomen (P=
0.0007), pelvis (P< 0.0001), thighs (£< 0.0001) and calves/feet (P= 0.0051).

The four sequences with the highest lesion conspicuity in the following anatomic regions
were significantly higher than the remainder of the sequences (Tables 3-7). An exception is
that the sequences with the fourth and fifth highest conspicuity in the chest/abdomen region
were equal. Head/neck, P< 0.0001, chest/abdomen P< 0.0001, pelvis £< 0.0001, thigh P<
0.0001, calves/feet P< 0.0001.

A large degree of overlap was found regarding the identity of the sequences with highest
lesion conspicuity in the per-region and overall conspicuity analyses. The four sequences
with the highest conspicuity in the head/neck region were the same as the overall (FST1 +C
sagittal, FO T1 + C sagittal, FS T1 + C axial and T1 + C sagittal, Table 3). The following
regions contained one or more of the sequences that were identified in the overall analysis
plus those that are listed: Chest/abdomen-FO T2 coronal, DWI axial, Table 4; pelvis- DWI
axial, FO T2 coronal, Table 5; thigh-FS T2 coronal, FO T2 coronal, FO T1 +C axial, Table
6. The sequences with highest conspicuity in the calf/feet section were FS T2 coronal, DWI
axial, FO T2 coronal and STIR axial, Table 7.

In summary, Table 8 lists the sequences with the most conspicuous lesions overall and in the
per-region analysis.

4. Discussion

Use of the fast Dixon-based techniques for whole-body scanning is increasing in popularity
and has been investigated for indications such as the detection of bone metastases in breast
cancer patients [8, 12], scanning obese patients in whom fat suppression is otherwise
difficult [14], and variations of the Dixon technique have been used for rapid whole body
scanning of pediatric patients [15]. T1-weighted sequences following the administration of
intravenous gadolinium-based contrast have been incorporated into numerous other WB
MRI protocols [16-19] and its usage is validated in the current study. We found that the fast
Dixon-based WB MRI technique used in our study permitted this and many other sequences
to be applied in the sagittal, coronal and axial plane in approximately 1 hour of total scan
time. Additionally, among the contrast-enhanced sequences, we observed significantly high
conspicuity more often with than without fat saturation.

The availability of a combination of sequences can increase diagnostic confidence for the
identification of bone metastases (Fig. 3). However, our study showed that the sequences did
not all provide the same level of lesion conspicuity and that the sequences with greatest
conspicuity differed according to anatomic region. In the majority of anatomic regions
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containing the spine (head/neck, chest/abdomen, pelvis), sagittal sequences often had the
greatest lesion conspicuity. This likely resulted from the anatomic configuration of the
spine, and is of particular importance because the spine is the site of the greatest number of
bone metastases [20]. These results support the inclusion of sagittal spine sequences in WB
MRI scans used for the detection of bone metastases.

DW images are sensitive to Brownian motion of water molecules and provide image
contrast that is different from those of the traditional T1 and T2-weighted sequences. For
WB MRI, DW images have been shown to be useful in detecting cancer metastases, such as
to bone and lymph nodes. However, DW images generally have low spatial resolution, and
echo planar imaging pulse sequences (on which our DWI sequence was based) are very
susceptible to image artifacts (e.g., magnetic field inhomogeneity, motion). This could
explain why the DW sequence in our study provided high conspicuity only in the pelvis.

Limitations of our study included a relatively small number of patients and evaluation of one
lesion per sequence in each anatomic region. Nevertheless, we evaluated a large number of
sequences per region (1228 sequences)). The optimal method of evaluation would have been
to analyze each lesion independently. However, such an analysis would have been
prohibitively lengthy because of large numbers of lesions in most patients and the large
number of sequences acquired. All patients were receiving therapy at the time of their scan.
Variation in the effectiveness of therapy is expected. Treated metastases likely have lower
water content and may be more conspicuous on FO images. Metastases that did not respond
or had not yet responded are likely to have better vascular perfusion and are more likely to
enhance or be higher in T2 signal than metastases that are effectively treated. This may help
to explain the differing sequences upon which we found lesions to be most conspicuous. Our
results are expected to be helpful in patients with treated and untreated bone metastases and
can be further evaluated with future research.

5. Conclusion

In conclusion, FS T1 + C sagittal, FO T1 + C sagittal, T1 + C sagittal, and FS T1 + C axial
sequences had significantly higher conspicuity values for bone metastases than did the other
sequences overall, and were often also found to provide high lesion conspicuity when
anatomic regions were evaluated individually. The results of this study suggest that these
four sequences should be given priority in interpretation of fast Dixon-based WB MRI
studies performed for the detection of bone metastases.
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Figure 1.

Examples of the conspicuity scale in a 53 year old woman with breast cancer. (a) A bone
lesion in the posterior aspect of the L4 vertebral body demonstrates restricted diffusion, is
highly conspicuous (arrows), and has a score of 5 on the five-point conspicuity scale. (b)
The same lesion is slightly less conspicuous on the FO image generated during the same T1-
weighted fast Dixon-based acquisition and has a score of 3 on the conspicuity scale. (c) The
lesion is not visible on the FS T1-weighted + C image and thus has a score of 1 on the
conspicuity scale. The bone lesions in our study exhibited variable conspicuity on different
sequences, and the same patient often had multiple lesions with widely varying conspicuity
patterns. The differing lesion conspicuity on the various sequences exemplified the need for
obtaining multiple sequences in order to increase the likelihood of effectively detecting bone
metastases.
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Figure 2.

Sagittal and coronal composite images demonstrating whole-body lesion conspicuity. Figure
(), is a sagittal composite of FS T1 + C images in this 55 year old woman with breast
cancer and is the sequence upon which bone metastases were most conspicuous in the study.
Enhancing metastases in numerous vertebral bodies are readily apparent on a background of
darkly saturated fat. Three of the most conspicuous bone metastases are indicated
(arrowheads) and rank 4-5 on the conspicuity scale. An enhancing brain metastasis is
incidentally detected (arrow). On the coronal composite images (b, ¢) focal metastases in the
spine and proximal and distal left femur are shown (arrows). The lesions on the coronal FS
T2-weighted image (b) are bright on a background of saturated fat. The lesion in the
proximal left femur (upper arrow) enhances well, is highly conspicuous and ranked a score
of 5 on the conspicuity scale. The lesion in the distal femur (lower arrow) is less
conspicuous and ranks a 4. The lesions on the coronal FO sequences generated during the
same acquisition (c) are dark on a background of bright fat. The lesion in the proximal femur
is now ranked a 4 on the conspicuity scale because adjacent red marrow is also dark on FO
images and the overall effect is to decrease the conspicuity of the lesion. Nevertheless, the
lesion in the distal femur is surrounded by fatty yellow marrow and now is ranked 5 because
of the high conspicuity produced between the dark lesion and the bright yellow marrow.
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Figure 3.

The advantage of multisequence and multiplanar imaging in the same patient shown in Fig.
1. (a) A heterogeneously enhancing lesion is seen in the anterior aspect of the L5 vertebral
body on the axial FS T1 + C sequence (conspicuity score of 4 on the five-point scale,
arrowheads), (b) is dark and difficult to discern on the axial DWI sequence (conspicuity
score of 2, arrowheads). This is the opposite of the lesion’s conspicuity pattern in the L4
vertebral body in Fig. 1, exemplifying the utility of multiple sequences for lesion detection.
The dark periphery of the lesion on the axial FS T1 + C sequence raises the possibility of a
degenerative Schmorl node (disc herniation into a vertebral body) with a rim of sclerosis. (c)
On the sagittal FS T1 + C sequence, the epicenter of the lesion is in the center of the
vertebral body (large arrow), not at the end plate. Therefore, multiplanar imaging aids in the
diagnosis of a bone metastasis rather than degenerative change. The multiplicity of lesions
also aids in the diagnosis of bone metastases (arrow). As expected, the lesion in the posterior
aspect of the L4 body (Fig. 1) is not visible on the sagittal FS T1 + C sequence.
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Table 8

Summary of Sequence Conspicuity

Page 21

Region Most conspicuous | Second highest conspicuity | Third highest conspicuity Fourth highest conspicuity
Overall FS T1 +C sagittal FO T1 + C sagittal T1 + C sagittal FS T1 + C axial
Head/Neck FS T1 + C sagittal FO T1 + C sagittal FST1 + C axial T1 + C sagittal
Chest/Abdomen | FS T1 + C sagittal FO T2 coronal FST1 + C axial DWI axial “FOT1 + C sagittal *
Pelvis DWI axial FST1 + C axial FS T1 + C sagittal FO T2 coronal
Thigh FST1 + C axial FS T2 coronal FO T2 coronal FO T1 + C axial
Calf/Feet FS T2 coronal DWI axial FO T2 coronal STIR axial

DWI = diffusion-weighted imaging, FO = fat only, FS = fat saturated, STIR = short tau inversion recovery, + C = intravenous gadolinium contrast

administration,

*
tie
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