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Hybrid PET and MR scanners have become a reality in recent years,
with the benefits of reduced radiation exposure, reduction of
imaging time, and potential advantages in quantification. Appropri-
ate attenuation correction remains a challenge. Biases in PET
activity measurements were demonstrated using the current MR-
based attenuation-correction technique. We aimed to investigate
the impact of using a standard MR-based attenuation correction
technique on the clinical and research utility of a PET/MR hybrid
scanner for amyloid imaging. Methods: Florbetapir scans were
obtained for 40 participants on a hybrid scanner with simultaneous
MR acquisition. PET images were reconstructed using both MR-
and CT-derived attenuation maps. Quantitative analysis was per-
formed for both datasets to assess the impact of MR-based
attenuation correction to absolute PET activity measurements as
well as target-to-reference ratio (SUVR). Clinical assessment was
also performed by a nuclear medicine physician to determine am-
yloid status based on the criteria in the Food and Drug Administra-
tion prescribing information for florbetapir. Results: MR-based
attenuation correction led to underestimation of PET activity for
most parts of the brain, with a small overestimation for deep brain
regions. There was also an overestimation of SUVRs with cerebellar
reference. SUVR measurements obtained from the 2 attenuation-
correction methods were strongly correlated. Clinical assessment
of amyloid status resulted in identical classification as positive
or negative regardless of the attenuation-correction methods.
Conclusion: MR-based attenuation correction causes biases in
quantitative measurements. The biases may be accounted for by a
linear model, although the spatial variation cannot be easily modeled.
The quantitative differences, however, did not affect clinical assess-
ment as positive or negative.
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PET is a widely used molecular imaging modality that can be
used to investigate various physiologic, functional, and molecular
processes in vivo through targeted radiolabeled tracers (/). Mean-
while, MR imaging is known for its high spatial resolution and superb
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soft-tissue contrast (2). Combining the capabilities of MR and PET
imaging offers unique opportunities for both diagnostic and research
purposes (3). The clinical advantages of a combined PET/MR system
is an active area of investigation, and the potential benefits include but
are not limited to reduced radiation exposure (4), MR-based motion
correction (5), image-derived arterial input function (6), and a single
imaging session for PET and MR acquisition in debilitated or cogni-
tively impaired patients. Despite the technical difficulties in the de-
velopment of a combined PET/MR system, tremendous effort has
been devoted to make it a reality (2) for clinical whole-body imaging.
One combines a time-of-flight PET together with a 3-T MR in a
sequential design (7). The other is a fully integrated PET/MR system
with a MR-compatible PET system mounted inside a 3-T MR sys-
tem, so that it is capable of truly simultaneous acquisition of PET and
MR (8). More recently, a combined PET/MR scanner with time-of-
flight capability was also developed (9).

Among the various technical challenges for an integrated PET/
MR system is the generation of an accurate attenuation map (j.-map)
to account for the signal reduction when annihilation photons travel
from the location of positron annihilation and the detectors remain
an active area of research (/0—[2). In a traditional standalone PET
system, transmission scans with radioactive source attached to the
scanner can be acquired to directly measure the w-map (/3). For a
combined PET/CT system, a low-dose CT scan is obtained, and then
the measured p-map for CT energy photon is converted to a PET
w-map (/4-16) for attenuation correction (AC). For hybrid PET/MR
systems, traditional approaches to obtain a p-map are typically un-
available, and MR-based approaches are commonly used (7,8). How-
ever, this is challenging because there is not a simple relationship
between the MRI signal based on proton density and relaxation time
and the required PET p-map depending on the local electron density.
In the Siemens PET/MR system, a 2-point Dixon MR sequence is
used to obtain images, the voxels of which are classified into air,
lung, fat, and soft tissue. A corresponding linear attenuation coeffi-
cient is then assigned to each tissue class (8). A similar approach is
taken by the simultaneous PET/MR system from GE Healthcare
(Signa PET/MR) and the sequential PET/MR system from Philips
(Ingenuity TF PET/MR) (7,9). In addition to these 2 approaches
implemented on available clinical scanners, other experimental
approaches are currently being investigated (/2,17). Several
groups have performed theoretic or experimental studies to evalu-
ate the performance of common MR-based AC methods (MRAC)
(18,19) and identified significant signal reduction close to or within
bone. The magnitude of signal reduction can be as high as 10%-20%
(20). However, the impact of the signal loss on specific clinical or
research applications is still unclear. The goal of this article was to
investigate the impact of using a standard MRAC technique on the
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clinical and research utility of PET/MR hybrid scanners for amyloid
imaging.

MATERIALS AND METHODS

Participants

Forty participants were selected from an ongoing study at Knight
Alzheimer Disease Research Center at Washington University School
of Medicine to compare 2 amyloid imaging tracers: ''C-Pittsburgh
compound B (PiB) (27) and '8F-florbetapir (AV45) (22). The cohort
was intentionally enriched with high-amyloid-level cases to increase
the chances of finding clinically positive scans based on the AV45 data
so that we could assess the impact of AC on clinical diagnosis using
florbetapir scans. The enrichment was achieved by identifying 20 par-
ticipants with the highest PiB retention based on their mean cortical
binding potential (23,24) values. Then 20 additional participants were
randomly selected from the rest of the enrolled participants who com-
pleted their imaging studies before October 2013. The cohort had a
mean age of 69 y. One of the 40 participants had a clinical dementia
rating (25) of 0.5 (very mild dementia) whereas the clinical dementia
rating for the rest was 0 (cognitively normal). Twenty-two participants
were considered PiB-positive based on a mean cortical binding potential
cutoff of 0.18 (cerebellar cortex referencing without partial-volume cor-
rection) (23,24). All assessment and imaging procedures were approved by
Washington University’s Human Research Protection Office. Written in-
formed consent was obtained from all individuals or their care givers.

Imaging Acquisition

Each participant underwent 2 separate imaging sessions within 2 wk
of each other. '8F-florbetapir scanning was performed on a Biograph
mMR PET/MR hybrid scanner (Siemens) with approximately 370 MBq
of tracer. Emission data were collected in list-mode either starting at
tracer injection for 70 min or starting 50 min after injection for 20 min.
The standard Dixon sequence on the scanner was collected at the be-
ginning of scanning for MRAC (8). T1-weighted images were ac-
quired using a sagittal magnetization-prepared rapid gradient echo
(MPRAGE) sequence with the following imaging parameters: repetition
time/echo time, 2,300/2.95 ms; inversion time, 900 ms; flip angle, 9°;
and voxel size, 1.1 X 1.1 X 1.2 mm. PiB scanning was performed on a
Biograph 40 PET/CT scanner (Siemens) with approximately 444 MBq
of tracer with CT-based AC (CTAC). Only the CT portion of the PiB
scan was used in this work. CT images of the head were acquired at 120
keV, 25 effective mAs with a voxel size of 0.59 x 0.59 X 3.0 mm and a
matrix size of 512 x 512 x 74.

Image Reconstruction

PET image reconstruction was performed offline using e7tools
(Siemens). For each participant, only the portion of list-mode data collected
between 50 and 70 min after injection was used for reconstruction
regardless of the acquisition protocol. An ordered-subset expecta-
tion maximization algorithm with 3 iterations and 21 subsets was used
with a matrix size of 256 x 256 x 127 and a voxel size of 1.4 x 1.4 x
2.0 mm. Standard normalization, dead time, random, and scatter cor-
rection (with relative scaling) were performed using the default set-
tings of the e7tools. Postreconstruction filtering was also performed
with 4 mm in full width at half maximum 3-dimensional isotropic
gaussian filter. AC was performed with both a Dixon-based p-map
and a CT-based p-map. For Dixon-based MRAC, the p.-maps exported
from the mMR scanner were used. For CTAC, the CT images were
coregistered with the MPRAGE and Dixon MR using a vector gradient
algorithm (26). For voxels within the CT field of view, attenuation co-
efficients were estimated by converting CT Hounsfield values into atten-
uation coefficients for 511-keV photons using a bilinear function defined
by 3 control points: (1,000 HU, 0 cm™'), (0 HU, 0.093 cm™!), and
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(1,326 HU, 0.172 cm™ 1) (15). For voxels outside the CT field of view,
the attenuation coefficients derived from the Dixon sequence were used.
For each participant dataset, 2 reconstructed PET images were generated,
one based on Dixon MRAC and the other based on CTAC. It should be
emphasized that exactly the same reconstruction algorithm was used for
both MRAC and CTAC, the only difference was the source of the atten-
uation map.

Image Analysis

Quantitative image analysis was performed using our standard
amyloid imaging analysis protocol reported previously (24) using
FreeSurfer (Martinos Center for Biomedical Imaging) regions of in-
terest (ROIs). FreeSurfer (version 5.1) (27) was used to automatically
segment participant MPRAGE data. PET to MR registration was per-
formed using a vector gradient method (26). Regional intensity for
each ROI was extracted by resampling the PET data to patient MR
space to minimize any effects due to patient motion between the
acquisition of the MPRAGE and PET. The target-to-reference ratio
(SUVR) was calculated using the entire cerebellum as reference (28).
In addition to individual FreeSurfer regions, mean cortical SUVR
(MCSUVR) was also assessed using the same set of selected regions
that defines mean cortical binding potential for PiB imaging (24,29).

Clinical Assessment

To determine the impact of MRAC on clinical diagnosis based on
amyloid imaging, the 80 reconstructed AV45 PET images (40 from
MRAC and 40 from CTAC) were de-identified and randomized before
being sent to an experienced nuclear medicine physician and 2 nuclear
medicine residents for clinical assessment without prior knowledge
about this cohort and the reconstruction method for individual image.
For both the MRAC and the CTAC PET images, the same MPRAGE
MRI dataset for the subject was provided for fusion and anatomic
correlation with the PET data. Clinical interpretation of the florbetapir
was performed according to the manufacturer’s recommendations as
described in the Food and Drug Administration prescribing information
(30). Briefly, florbetapir PET studies were classified as positive or neg-
ative for increased amyloid based on decreased or absent gray-white
differentiation larger than a single gyrus in 2 or more regions (frontal,
parietal, temporal, or occipital) of the cerebrum or focally increased
activity in one or more cerebral cortical regions. The primary image
review was performed in the axial plane using an inverted gray scale
look-up table. In addition to rating the images as positive or negative for
amyloid, the confidence in this assessment for each case was rated as
high, moderate, or low. According to the Food and Drug Administration
prescribing information (30) for florbetapir, the PET images for clinical
evaluation should be reconstructed with AC. Although in theory it may
be possible to perform visual rating based on the non-attenuation-
corrected PET data, it is beyond the scope of this current study.

RESULTS

Image Analysis

Example participant images are illustrated in Figure 1. The
image intensity was significantly underestimated (P < 0.0001)
using MRAC for most regions of the brain (Fig. 2). The difference
was —4.2% * 2.1%, —6.2% * 2.4%, and —3.2% =+ 2.1% for the
whole brain, cortical gray matter, and cerebral white matter, re-
spectively. Greater underestimation was observed for the cerebel-
lum: —6.5% =+ 3.0% (cerebellar white matter) and —8.5% =
3.2% (cerebellar gray matter). A small overestimation in image in-
tensity was observed for subcortical nuclei such as the caudate
(3.0% *= 2.2%) and the putamen (1.7% = 2.0%). Large spatial
variability was observed, for example, the MRAC versus CTAC in-
tensity differences varied from 2.1% to —15.4%. Large interindividual
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FIGURE 1. Example images of participant: T1-weighted MR (A), Dixon
p-map (B), CT p-map (C), non-attenuation-corrected PET (D), PET with
Dixon MRAC (E), and PET with CTAC (F).

variability also existed, for example, the MRAC versus CTAC
intensity differences varied from a low of —1.6% to a high
of —12.1% for cortical gray matter and 0.0% to —9.7% for the
whole brain.

For regional SUVR analysis using the entire cerebellum as a
reference, most of the brain regions had higher SUVR using MRAC
than CTAC (Fig. 3). MCSUVR measurements with MRAC were
3.6% * 3.0% higher (P < 0.0002) than with CTAC. The 2 mea-
surements were strongly correlated (r = 0.99, P < 0.0001) (Fig. 4).
The Spearman rank correlation between the 2 measurements was
also strong (r = 0.95, P < 0.0001), suggesting a high concordance
between the 2. Subcortical nuclei were regions that had the largest
overestimation in SUVR. For example, the thalamus, caudate, and
amygdala SUVRs were overestimated by 11.1% = 3.0%, 11.9% =

3.2%, and 11.9% = 3.1%, respectively. Similar to raw image
intensity differences, large interindividual variability also existed,
for example, the difference of MCSUVR between MRAC and CTAC
ranged from —2.3% to 11.7% within our cohort.

Clinical Assessment

Clinical assessment resulted in exactly the same classification
based on the 2 different AC methods: 12 of 40 participants were
classified as amyloid-positive based on the clinical reads. The
confidence level of the clinical rating also appears to be similar.
For the CTAC-based reconstruction, 1 case was rated with low
confidence, 8 were rated with moderate confidence, and the rest
were rated with high confidence. For the MRAC-based reconstruc-
tion, 2 cases were rated with low confidence, 8 were rated with
moderate confidence, and the rest were rated with high confidence.
In general, MRAC PET data can be visually differentiated from the
CTAC data by looking for signal loss in the skull base and temporal
bone; however, this did not affect the physician’s ability to perform
clinical diagnosis. The clinical assessment from the 2 nuclear med-
icine residents had small discrepancies between the 2 AC methods:
2 of 40 (5%) and 5 of 40 (12.5%). The raters tended to report lower
confidence for those discrepant cases. The clinical assessments were
different for 18 (22.5%) datasets between another 2 raters and
evenly distributed between MRAC and CTAC datasets; the assess-
ments were different for 15 (18.75%) datasets for 2 raters, and 9
mismatches were from CTAC datasets whereas the rest of the 6
cases were from MRAC; and the assessments were different for
13 (16.25%) datasets for 2 raters, with 6 mismatches from CTAC
and 7 from MRAC.

DISCUSSION

Consistent with a previous report (19), a strong spatially varying
bias of PET activity was observed in neuroimaging studies using a
PET/MR hybrid scanner with AC not accounting for bones. The

FIGURE 2. Average PET image intensity percentage difference of
MRAC vs. CTAC of study cohort in atlas space. (Left) Average T1-
weighted MR in atlas space. (Middle) Average percentage difference
map in atlas space superimposed with MR. (Right) Average percentage
difference map in atlas space. Negative values indicate underestimation
using MRAC against CTAC.
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FIGURE 3. Average SUVR percentage difference of MRAC vs. CTAC
of study cohort in atlas space. (Left) Average T1-weighted MR in atlas
space. (Middle) Average percentage difference map in atlas space
superimposed with MR. (Right) Average percentage difference map in
atlas space. Negative values indicate underestimation using MRAC
against CTAC.
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FIGURE 4. Comparison of mean cortical SUVR measurements
obtained using MRAC vs. CTAC. Regions included in mean cortical
SUVR was defined previously (24).

negative bias was most prominent near the surface of the brain
close to cortical bone. We also observed a small positive bias for
deep brain regions, likely because the Dixon-based MRAC tech-
nique assigns a constant attenuation coefficient (0.1 cm 1) to brain
tissue, which is greater than the average brain attenuation coeffi-
cient (0.095 cm™!) converted from CT measurements. Our ob-
served underestimation of PET activity was smaller than what
was reported by Andersen et al. (/9). In their work, a different
approach was used to convert CT Hounsfield units to PET attenu-
ation maps (37). On the basis of their approach, the estimated
attenuation coefficients for brain tissue would be approximately
0.1 cm™!, and greater underestimation would result. On the basis
of the transmission scans using germanium sources, the measured
attenuation coefficient for brain soft tissue is approximately 0.095
cm™! (Su, unpublished data, November 2014). In a previous study
comparing CTAC against germanium transmission scan—based AC,
the CTAC resulted in approximately 5% overestimation in PET
activity in the cerebellum and temporal lobe, although part of the
discrepancy was attributed to the fact that instead of using measured
attenuation maps for AC, the transmission scan using germanium
sources was segmented and each tissue class was assigned a fixed
value, while the CT values were transformed to attenuation coeffi-
cients in a continuous map (32). Therefore, even though in this and
many other studies (10,12,18,19), CTAC was used as the gold stan-
dard AC technique, one should keep in mind the variability in
CTAC implementations as well as the difference between CTAC
and measured attenuation maps using 511-keV photon sources.

In addition to assessing the quantitative accuracy of measured
PET activities, we also evaluated the accuracy of SUVR measure-
ments commonly used in amyloid PET imaging and found
overestimation of most brain regions. This is due to the fact that
the reference region commonly used in amyloid imaging analysis,
that is, the cerebellum, is one of the most underestimated regions
in absolute PET activity. Because most of the brain regions were
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less underestimated, the SUVR measurement, which was a ratio of
target region over reference region, became overestimated. Although
the regional SUVR measurements were significantly different be-
tween MRAC- and CTAC-based results, the 2 sets of measurements
are strongly correlated across subjects. Therefore, it is possible to
covert MRAC-based SUVR measurement to CTAC-based SUVR
using a linear model. With such a model, measurements obtained
using the PET/MR scanner can be treated as just another PET
scanner and using similar strategies to harmonize scanner differences
as in previous and ongoing studies involving multiple PET scanners
(33-35). Precautions have to be made, however, if the spatial pattern
of amyloid deposition is of interest due to the spatially varying
impact of MRAC.

Our comparison of clinical assessment for amyloid PET
imaging resulted in consistent clinical rating as amyloid-positive
or amyloid-negative between the 2 methods of AC. The variability
due to AC was lower than interrater variability, and more experienced
raters generated identical ratings regardless of the attenuation
methods. This is highly encouraging for the adoption of a PET/
MR hybrid scanner as a clinical tool for amyloid PET imaging
given the reduction in radiation doses and potential reduction in total
imaging time by simultaneously acquiring PET and MR images.

It should be pointed out that the MRAC approach we evaluated
in this study is specific to the Siemens Biograph mMR scanner. The
Philips Ingenuity TF system (7) implemented an MR-based ap-
proach that segments the MR image into air, lung, and soft tissue
and does not account for bones. In a comparison study against
measured attenuation map, region-dependent underestimation of
up to 20% can occur for the Philips version of MRAC (36). For
the Signa PET/MR system (8), we did not find systematic evaluation
of MRAC in the literature, likely due to the short time since its release.
However, by default it uses an MRAC technique (8) similar to the
Dixon-based approach implemented on the Siemens scanner. There-
fore, an impact similar to what we observed in this study for quanti-
tative accuracy is expected. An atlas-based approach was reported as a
special case option for head scans on the GE Healthcare scanner,
which may reduce the quantitative deviation in measured activity
concentration because it incorporates the skull into the AC (8).

In this study, we evaluated the impact of attenuation map
differences on the quantitative accuracy of reconstructed PET images.
Attenuation maps not only affect AC, but also affect scatter
correction. Therefore, the difference we observed was a combined
effect of both attenuation and scatter correction. As shown in
Supplemental Figure 1 (supplemental materials are available at
http://jnm.snmjournals.org), the primary cause of the quantitative
differences between MRAC- and CTAC-based PET images were
due to the AC. Although scatter correction does change the dis-
tribution of image intensity, the change appears to be similar for
both MRAC and CTAC data.

CONCLUSION

Quantitative differences were observed in this comparison study
of MRAC and CTAC as has been reported in the literature before
(18-20). However, this quantitative difference can be alleviated by
a linear model because of the strong correlation between the 2
types of measurements. Although MR-based attenuation will re-
sult in changes in the observed spatial patterns of the PET activity
distribution, the AC method used did not make a difference for
clinical interpretation of studies as positive or negative for amyloid.
These results suggest that MRAC PET images obtained directly
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from the scanner can be used for clinical diagnosis without the need
of additional corrections.
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