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Abstract

Introduction—Attenuation correction for magnetic resonance (MR) coils is a new challenge that
came about with the development of combined MR and positron emission tomography (PET)
imaging. This task is difficult because such coils are not directly visible on either PET or MR
acquisitions with current combined scanners and are therefore not easily localized in the field of
view. This issue becomes more evident when trying to localize flexible MR coils (eg, cardiac or
body matrix coil) that change position and shape from patient to patient and from one imaging
session to another. In this study, we proposed a novel method to localize and correct for the
attenuation and scatter of a flexible MR cardiac coil, using MR fiducial markers placed on the
surface of the coil to allow for accurate registration of a template computed tomography (CT)-
based attenuation map.

Materials and Methods—To quantify the attenuation properties of the cardiac coil, a uniform
cylindrical water phantom injected with 18F-fluorodeoxyglucose (18F-FDG) was imaged on a
sequential MR/PET system with and without the flexible cardiac coil. After establishing the need
to correct for the attenuation of the coil, we tested the feasibility of several methods to register a
precomputed attenuation map to correct for the attenuation. To accomplish this, MR and CT
visible markers were placed on the surface of the cardiac flexible coil. Using only the markers as a
driver for registration, the CT image was registered to the reference image through a combination
of rigid and deformable registration. The accuracy of several methods was compared for the
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deformable registration, including B-spline, thin-plate spline, elastic body spline, and volume
spline. Finally, we validated our novel approach both in phantom and patient studies.

Results—The findings from the phantom experiments indicated that the presence of the coil
resulted in a 10% reduction in measured 18F-FDG activity when compared with the phantom-only
scan. Local underestimation reached 22% in regions of interest close to the coil. Various
registration methods were tested, and the volume spline was deemed to be the most accurate, as
measured by the Dice similarity metric. The results of our phantom experiments showed that the
bias in the 18F-FDG quantification introduced by the presence of the coil could be reduced by
using our registration method. An overestimation of only 1.9% of the overall activity for the
phantom scan with the coil attenuation map was measured when compared with the baseline
phantom scan without coil. A local overestimation of less than 3% was observed in the ROI
analysis when using the proposed method to correct for the attenuation of the flexible cardiac coil.
Quantitative results from the patient study agreed well with the phantom findings.

Conclusions—We presented and validated an accurate method to localize and register a CT-
based attenuation map to correct for the attenuation and scatter of flexible MR coils. This method
may be translated to clinical use to produce quantitatively accurate measurements with the use of
flexible MR coils during MR/PET imaging.

Keywords

magnetic resonance imaging; positron emission tomography; attenuation correction; flexible radio
frequency coils
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Combined magnetic resonance (MR) and positron emission tomography (PET) imaging is a
technology that has been in development for nearly 2 decades.! The synergy between the 2
imaging modalities has always been desirable because each one provides different but
complementary information about the structure and function of tissue. Recently, commercial
solutions became available for simultaneous MR and PET brain imaging,? followed by
simultaneous and sequential whole-body scanners.3# Indeed, the increase in available
scanners has produced a growing body of literature about the potential use of combined MR
and PET imaging in a number of different anatomic settings including the brain,? lungs,®
heart,6 vasculature,” and neck.®

The development of combined MR/PET imaging has not been without challenges, especially
those related to accurate tracer quantification by the PET component. In contrast to stand-
alone PET scanners or combined PET/computed tomography (CT) scanners, MR/PET
scanners lack a method to directly measure the photon attenuation because of objects in their
field of view (FOV). This has prompted the development of new methods for attenuation
correction for combined MR/PET imaging. Several studies investigated the validation of
newly developed MR-based attenuation correction methods against the well-established and
clinically accepted CT-based attenuation correction.9-17 Attenuation correction on the
currently available commercial scanners consists of 2 separate attenuation maps that are
generated independently and summed up together at reconstruction time.10:13 The first
attenuation map is the patient attenuation, which is typically produced by taking the MR
image, segmenting it, and assigning linear attenuation correction factors to certain tissue
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types. Commercial scanners currently available use either a 4-segment method (air, soft
tissue, lung, and fat) or a 3-segment method (air, soft tissue, and lung).18:19 Although this
concept is simple, its clinical application has been proven to be inconsistent.20
Missegmentation, metal implant artifacts, arm truncation (because the MR FOV is smaller
than that of PET), and lack of a bone segment were some of the issues that have been shown
to affect quantification using current MR-based attenuation correction methods.2? The
second attenuation map is that of the MR hardware (ie, coils and patient table). Several
reports have evaluated the attenuation properties of the MR hardwarel%-12 and concluded
that such equipment attenuates the signal significantly and thus requires careful attenuation
correction. Magnetic resonance hardware attenuation maps are either transmission-based!3
or CT-based.19 A template attenuation map of the entire object is stored in the system, and
the scanned part of the hardware is cropped and added to the patient attenuation map before
reconstruction. However, methods currently available on commercial scanners can only
correct for the attenuation of rigid objects (rigid MR coils, patient table) in their FOV, but
they are not sufficient for the attenuation correction of flexible coils, which change shape
and position depending on the patient size and the area being imaged.

Here, we report on a method to localize and correct for the attenuation of a flexible MR
cardiac coil using a precomputed template attenuation map. We propose to localize the coil
using a set of fiducial markers placed on the outer surface of the coil. Using a combination
of rigid and deformable registration, we attempted to align and insert a template CT-based
attenuation map of the coil to the MR attenuation correction scan for use in PET
reconstruction using fiducial markers visible in both the MR and CT images. We then
investigated the accuracy of the proposed combination of rigid and deformable registration
to align a single template attenuation map of the coil even when it is at a different degree of
flexure. Finally, we demonstrated that we can effectively correct for the attenuation of the
flexible coil using the proposed registration method in both phantom and patient studies.

MATERIALS AND METHODS

Cardiac Coil

The cardiac coil is a phased array coil that consists of 32 elements. The flexible anterior part
of the coil that was used in this study consists of 16 elements. The anterior part of the coil
covered approximately 30 cm in the feet-head direction. The design of the cardiac coil used
in this study was not optimized for PET transparency. A photograph of the anterior portion
of the flexible cardiac coil is shown in Figure 1.

Combined MR/PET Imaging

All MR/PET acquisitions in this study were conducted on the Philips Ingenuity TF
sequential whole-body scanner (Philips Healthcare, Cleveland, OH). The scanner consisted
of 2 separate gantries connected by a rotating patient bed. First, the subjects were scanned
using the MR imaging component of the scanner (Achieva 3.0T X Series), followed by a
time-of-flight PET scan (Gemini TF). More information about the scanner capabilities and
performance is described by Zaidi et al.2 Magnetic resonance imaging scans were done
using a T1-weighted 3-dimensional (3D) gradient echo sequence. The following acquisition
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parameters were applied using the quadrature body coil: flip angle, 10 degrees; echo time,
2.2 milliseconds; repetition time, 4.2 milliseconds; and scan duration, 84 seconds.1® The
image voxel size is 2 x 2 x 3mm (FOV, 576 x 576 x 270 mm). A 3D geometric distortion
correction was applied to the MR data to correct for the geometrical distortion. The PET
data were acquired for 15 minutes for the phantom study using the scanner’s standard 3D
time-of-flight acquisition. The duration between the with— and without—coil acquisitions was
28 minutes. Decay correction was applied to correct for the decay of the tracer between the
acquisitions. List-mode data were then corrected for normalization, scatter, random
coincidences, attenuation, and dead time. The images were reconstructed using 3D row
action maximum likelihood algorithm with 3 iterations and 33 subsets of the data. Computed
tomography-based attenuation maps at 511 KeV were generated from the CT images as
described.?! Attenuation map values were clipped at 0.12 and 0.02 cm~2 to minimize the
overestimation of attenuation of metals as was done in the study of Aklan et al.22
Attenuation correction for patient bed is standard in the system reconstruction.13 In the
phantom studies, the CT phantom attenuation map was registered to the non—attenuation-
corrected PET image using rigid normalized mutual information maximization registration.
All CT-based attenuation maps were resampled to match the PET dimensions before the
reconstruction. The final PET image voxel size was 4 x 4 x 4 mm (FOV of 576 x 576 x 180
for the phantom scan and 576 x 576 x 264 for the volunteer scan). Patient acquisition
protocols were approved by the Icahn School of Medicine at Mount Sinai institutional
review board.

Computed Tomographic Acquisition

All CT scans were conducted on a stand-alone CT scanner (256-slice multidetector CT;
Brillance iCT; Philips Healthcare, Cleveland, OH). The acquisition parameters were as
follows: voltage, 120 kV; current, 300 mA per slice. The image voxel size is 1.95 x 1.95 x 1
mm. The patient table in the CT scanner was segmented out manually.

Description of the Registration Algorithm

Fifteen MR markers with diameter of 8 mm (MR-SPOTS MRI Skin Markers, ref. no. 185;
Beekley Medical, Bristol, CT) were placed on the surface of the coil as shown in Figure 1.
The markers were visible on both MR and CT acquisitions. The centroid of each marker was
calculated after thresholding the MR image to remove the phantom.

The proposed algorithm for registering a CT attenuation map of the coils to the markers is a
2-step procedure where both registration steps are based solely on the locations of the
markers. First, a rigid 3D versor transform that allows for 3D translation and rotation is
computed using least-squares minimization. Then, a deformable registration step is applied
to the resultant image to “bend” the coil attenuation map. Volume-spline (V-spline)
deformable registration was selected on the basis of our comparison of the registration
methods (See Comparison of Registration Methods). Mathematical formulation for the V-
spline registration is described here.23 After the registration steps, which were performed at
the highest resolution, the final registered attenuation CT image was converted to an
attenuation map and resampled to match the PET dimensions.
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Data Analysis

The overall quantification in the reconstructed PET images is computed by summing up all
the counts in the volumetric image. The ROI analysis in this study was done using a 2.5-cm
ROI plotted over all axial planes. This size of ROl was selected to investigate the
quantitative accuracy in an ROI similar in size to that of small tumors.24 The ROIs were
placed either at the top of the phantom where the highest attenuation is expected when
uncorrected for coil attenuation (closest to the anterior portion of the coil) or at the bottom
of the phantom to quantify the propagation of activity loss.

Evaluation of the Coil Attenuation

To quantify the attenuation properties of the anterior part of the cardiac coil, a uniform
cylindrical phantom (height, 30 cm; diameter, 20 cm) was injected with 137.27 MBq of 18F-
FDG. The phantom was then scanned with and without the flexible coil, with the markers
placed on the coil. In the phantom scan that was done with the coil, the coil was taped
tightly to the phantom and the posterior part of the coil to minimize motion during the scan.

Correction of Coil Attenuation Using the CT-Based Coil Attenuation Map

After the MR/PET scans, the phantom and coil assembly was transferred to the CT scanner
to generate a reference CT-based attenuation map of the coil and the phantom together. This
was done to investigate whether a CT-based attenuation map is a suitable method to correct
for attenuation of the coil. The template attenuation map of the coil and phantom assembly
was used in the reconstruction of the data collected with the coil present. This attenuation
map was registered using only the rigid landmark registration. The reconstructed PET image
was then compared with that generated from the phantom-only scan.

Comparison of the Registration Methods

To investigate whether a single attenuation map can be used with our registration technique
to fit a wide range of patient habitus, we placed markers on the surface of the coil and
acquired a CT scan of the coil at the maximum bend and at an average bend to serve as a
reference. Average bend was defined by measuring the bend angle from 3 volunteers. The
angle was determined to be 140 degrees. This was done so that a reasonable approximation
of the coil deformation would be used as an initial input for the registration workflow. Then,
we registered the maximum-bend (angle, approximately 125 degrees) image to the reference
image using only the fiducial markers as inputs for the registration. First, a rigid registration
step is applied, followed by a deformable registration as described earlier. Several
techniques were used in the deformable registration step, including B-spline, thin-plate
spline, V-spline, and elastic body spline. Further details on the implementation of the
registration methods can be found as previously described.23.25-28 Finally, the Dice
similarity metric was computed between the reference and the final registered images to
assess the accuracy of the overall registration procedure.29:30

Correction of Coil Attenuation Using a Registered Coil Attenuation Map

Registration of the coil attenuation map to the MR markers using the proposed V-spline
registration technique was performed. The coil attenuation map was then added to the
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phantom attenuation map before reconstruction of the emission data acquired with the coil
present. The resultant image from the PET reconstruction using the registered CT-based
attenuation map was then compared with that from the phantom-only scan to determine the
accuracy of this method to correct for the attenuation of the flexible coil.

Registration Error Calculation

After the registration of the coil attenuation map to the MR markers, we quantified the bias
in the registration by computing the mean squared error between the markers in the final
registered attenuation map and the markers in the MR image. To explore the effect of the
measured registration uncertainty on the reconstructed PET image, the coil attenuation map
was shifted in the transaxial direction to simulate the uncertainty in the registration.
Emission data acquired with the coil present were then reconstructed with the mis-registered
attenuation map and compared with those reconstructed with the registered attenuation map.

Patient Study

RESULTS

To demonstrate the feasibility of our registration method to correct for the attenuation of
flexible MR coils in a clinical setting, we injected 506.9 MBq of 18F-FDG to a patient with
a family history of cardiovascular disease. To evaluate the attenuation properties across the
entire length of the coil, an acquisition of 2 beds for 8 minutes each was performed. The
patient was scanned after a radiotracer circulation time of 90 minutes of post-injection with
and without the cardiac coil, with the MR markers placed on the outer surface of the coil.
The duration between the acquisitions with and without the coil was 25 minutes. Decay
correction was applied to correct for the tracer decay between the acquisitions. Emission
data acquired with the coil present were reconstructed first either without an attenuation map
for the anterior part of the coil or with the coil attenuation map registered to the MR markers
to investigate whether the proposed method can be used to correct for the attenuation of the
coil.

Quantification of the Coil Attenuation

A line profile of attenuation values of the various components before clipping is presented in
Figure 1D. The metal components in the coil had the highest attenuation (approximately
0.22 cm™1), followed by the plastic housing (approximately 0.08 cm™1) and finally the
rubber housing, which represented the most flexible part of the coil (approximately 0.01
cm~1). The overall reduction in counts in the image due to the presence of the coil is 10%.
Local bias in regions close to the coil reached 22% underestimation, as shown by the ROI
analysis in Figure 2A. In addition, the effect of the coil on quantification propagates to the
bottom of the phantom. Figure 2B shows more than 5% reduction in counts in several planes
for the ROIs placed at bottom of the phantom.

Correction of Coil Attenuation Using the CT-Based Coil Attenuation Map

When compared with the acquisition done without the coil, the difference in the overall
count was overestimated by 1.4%. Furthermore, the results of the ROI analysis shown in
Figure 2 indicated an average overestimation of less than 3% in all axial planes both at the
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top and bottom ROls. To establish a bench mark for the variance in the measurements, the
standard deviation in a 2.5-cm ROI in the phantom-only image was computed to be 3.1%
over all the axial planes. This bench mark was used as the cutoff for acceptable bias.

Registration Flexibility Methods

The overlap between the maximum bend and the reference image in addition to the results of
the registration is shown in Figure 3. The Dice similarity coefficient and the computation
time for each registration method are shown in Table 1. The difference between the
maximum bend and the average bend in the reference image was measured to be 7.5 degrees
from each side of the coil. The V-spline registration produced the most accurate registration
(Dice coefficient, approximately 90%; computation time, 7.2 seconds). Conversely, the B-
spline registration produced the least agreement registration (Dice coefficient,
approximately 77%; computation time, 8.3 seconds). On the basis of these results, the V-
spline registration was used in the remainder of the experiments in this study.

Correction of Coil Attenuation Using a Registered Coil Attenuation Map

A line profile in Figure 4B demonstrates a large artifact present during the rigid registration
only. Conversely, using our proposed 2-step registration technique resulted in only 1.9%
overestimation in the overall activity when compared with the image generated from the no-
coil acquisition, in addition to no image artifacts. Furthermore, the results of the ROI
analysis indicated less than 3% quantitative differences in the ROIs at the top and bottom of
the phantom as shown in Figure 5.

Registration Error

The mean squared error of the registration was computed to be 1.8 mm averaged over all
markers. The coil attenuation map was shifted one-half voxel (2 mm) in the transaxial
direction to simulate the inaccuracy in the registration; then, the emission data were
reconstructed with the misregistered attenuation maps. The results of this experiment
indicated a 1.06% underestimation in the activity when compared with the phantom-only
scan.

Patient Study

Accuracy of our registration technique is shown in Figure 6. The overall reduction in the
counts between the reconstructed image with and without the coil in the volunteer scan was
10.1%. A profile plotted over the reconstructed PET image from the patient-only scan and
compared with the patient scan with coil that was reconstructed with or without the coil
attenuation map registered to the MR markers is shown in Figure 7. In addition, the
measured activity after the attenuation correction for the flexible coil was overestimated by
only 2.7% compared with that of the no-coil acquisition.

DISCUSSION

In this study, we addressed the attenuation of flexible MR coils in combined MR/PET
imaging. We have shown that attenuation correction for such coils is necessary for accurate
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quantitative analysis. Furthermore, we proposed and validated a method in both a phantom
study and a patient study to localize and correct for such coils.

Several methods of deformable registration were used to deform the coil to match the MR
markers. We found that the use of V-spline registration models in the deformation of the coil
produced the most accurate registration. Indeed, it was reported that the use of V-spline
registration is better suited to deform 3D objects.23 Thin-plate and elastic body spline
registrations were able to deform the coil well at the flexible parts but were unable to
produce acceptable deformation of the plastic housing of the electronics. The B-spline
registration was the most flexible; thus, it would require placement of more markers than
other techniques would, especially at the edges of the coil. Because of the smaller MR FOV
compared with the PET FOV, the use of B-spline registration is not recommended because
the markers at the periphery would likely not be imaged and result in inaccurate registration.

In addition, we investigated several aspects of attenuation correction of the flexible coil. We
have shown that the attenuation of such a coil can induce high levels of attenuation making
correction necessary for accurate quantitative imaging. We have also shown that the use of
CT-based attenuation maps is a feasible solution for the attenuation correction of this coil.
Other groups have shown that CT-based attenuation maps can be used in hardware
attenuation correction. Delso et al,10 for example, used both CT-based and transmission-
based attenuation maps to correct for a head-and-neck coil. The presence of the coil resulted
in 17% count loss. Bin et all3 also used both CT- and transmission-based attenuation maps
to correct for MR rigid coils and MR patient bed. They reported a count loss of
approximately 10% to 20% caused by the patient bed. In agreement with our findings, they
reported a slight overcorrection when using CT-based attenuation correction. Such
overcorrection when using CT-based attenuation maps could be caused by metal artifacts in
the CT image or beam hardening artifacts.11 Most recently, Aklan et al?2 investigated the
attenuation properties of a breast coil to be used in MR/PET imaging. It was shown that the
presence of the coil results in 11% reduction in net true counts. A CT-based attenuation map
template was also used to successfully correct for attenuation of the coil.

Accurate alignment of the hardware attenuation map is a critical factor in producing accurate
quantification.10 It has been shown that a misregistration of more than 4 mm of a head-and-
neck coil can induce bias in PET images.1? Our results indicate that, with the proposed
registration method, the maximum measured registration uncertainty was only a maximum
of 2.1 mm, less than the spatial resolution of the scanner (4-mm isotropic). However, minor
quantitative errors were observed when shifting the coil attenuation map. Taking these
results into account, the current registration accuracy is sufficient for accurate quantification.

The attenuation properties of flexible MR coils have been evaluated by Paulus et al.}1 Their
study used MR fiducial markers and features of the coil distinguishable using ultrashort echo
time sequences to locate the coil. A CT-based attenuation map template of the coil, in
measurements done on both phantoms and a patient, was then registered to the MR images.
The CT-based attenuation maps in that study were registered by only rigid registration,
which may not accurately reflect nonrigid movement between CT and MR scans, as
demonstrated in this study. Rigid registration also may not accurately address interpatient
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registration of nonrigid coils, which is a major concern in such protocols. This may lead to a
significant bias in quantification (Fig. 4), suggesting that a deformable registration of CT-
based attenuation maps for different patients produces more accurate quantification.

In this study, we did not address various configurations of the markers; however, accurate
attenuation correction was obtained with the selected configuration. The placement of the
markers on and around plastic housing on the coil was done intentionally to accurately
capture the flexure of the most attenuating part of the coil. In addition, we only investigated
a CT-based attenuation map for the coil. The use of transmission-based attenuation maps for
MR hardware has been shown to produce accurate quantification.1913 In our study,
however, CT-based attenuation correction was shown to produce accurate quantification.
Finally, we have illustrated our method on 1 patient only as a proof of concept; therefore,
several clinical cases must be conducted for a complete clinical evaluation.

CONCLUSIONS

In this study, we presented an accurate attenuation correction method for flexible MR coils
in combined MR/PET imaging using a single template attenuation map of the coil
determined by a separate CT scan of the coil only. Our method rigidly, then deformably,
registers a precomputed attenuation map of the flexible coil to a set of MR markers placed
on the outer surface of the coil visualized in both the CT coil attenuation template image and
the MR acquisition. We have shown that the registration errors in our technique are minimal
and do not induce quantitative or qualitative artifacts in PET quantification. This study has
shown that the registration of CT-based attenuation maps of flexible MR coils is a potential
solution for correction of attenuation of flexible MR coils in both phantom and patient
studies. We have demonstrated the clinical feasibility of the proposed method to register and
correct for flexible MR coils during combined MR/PET imaging protocols.
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FIGURE 1.

A, Magnetic resonance image of the markers. B, Computed tomography scan of the coil showing the placement of the markers.
C, Photograph of the bent coil. D, Line profile across the coil CT attenuation map before clipping the attenuation maps.
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FIGURE 2.

Region-of-interest analysis in PET images of the phantom-only scan (Phanton Only) or phantom with the coil scan without
correction (With Coil -No AC) or with correction using the template attenuation map (With Coil - CT AC) plotted over all the
axial planes. A, Large reduction in the activity of more than 20% in a 2.5-cm ROI placed at the top of the phantom. B, More
than 5% reduction in activity was measured at the ROI placed at the bottom of the phantom. CT-based attenuation correction
resulted in accurate correction.
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FIGURE 3.
Comparison between deformable registration methods. Overlap between the reference image (hot metal color map) and the

maximum bend (A), B-spline (B), elastic body spline (C), thin-plate spline (D), V-spline (E), all in rainbow color map.
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FIGURE 4.
A, Attenuation map of the coil over the phantom after the rigid registration only. B, Plot of a profile across the phantom in

emission images reconstructed using the attenuation map from (A).
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FIGURE 5.

20 30 40 S0

Plane Number

Region-of-interest analysis in PET images of the phantom-only scan (Phantom Only) compared with that acquired with the coil
present using the template CT attenuation map (With Coil - CT AC) or a registered coil attenuation map (With Coil - VV-Spline).
Using our registration technique can accurately correct for the coil’s attenuation as shown in the ROI analysis at the top ROI (A)

and the bottom ROI (B).
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MR Image Rigid Registration V-Spline Registration

FIGURE 6.
Overlap between the MR image of a patient including the MR markers attached to the coil and the coil attenuation map. After

the V-spline registration, the MR marker aligned with the markers on the coil attenuation map.
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FIGURE 7.

A profile was drawn 8 cm under the anterior surface of a patient comparing the acquisition done without the coil (No Coil Scan),
the scan done with the coil but without attenuation correction (With Coil-No AC), or with attenuation correction using our

registration technique (With Coil - V-Spline).
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Summary of Respective Dice Similarity Coefficients and Computation Times Between the Bent Image of the

Coil and the Reference Image When Registered With Several Deformable Methods

Dice Coefficient, %  Computation Time, s

Volume
Thin-plate
Elastic

B-spline

89.89
82.53
88.70
76.92

7.2
7.1
13.9
8.3
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