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Abstract

Purpose To assess the quantitative accuracy of current MR
attenuation correction (AC) methods in neurological PET, in
comparison to data derived using CT AC.

Methods This retrospective study included 25 patients who
were referred for a neurological FDG PET examination and
were imaged sequentially by PET/CT and simultaneous PET/
MR. Differences between activity concentrations derived
using Dixon and ultrashort echo time (UTE) MR-based AC
and those derived from CT AC were compared using volume
of interest and voxel-based approaches. The same compari-
sons were also made using PET data represented as SUV
ratios (SUVr) using grey matter cerebellum as the reference
region.

Results Extensive and statistically significant regional under-
estimations of activity concentrations were found with both
Dixon AC (P<0.001) and UTE AC (P<0.001) in all brain
regions when compared to CT AC. The greatest differences
were found in the cortical grey matter (Dixon AC 21.3 %,
UTE AC 15.7 %) and cerebellum (Dixon AC 19.8 %, UTE
AC 17.3 %). The underestimation using UTE AC was signif-
icantly less than with Dixon AC (P<0.001) in most regions.
Voxel-based comparisons showed that all cortical grey matter
and cerebellum uptake was underestimated with Dixon AC
compared to CT AC. Using UTE AC the extent and signifi-
cance of these differences were reduced. Inaccuracies in cer-
ebellar activity concentrations led to a mixture of predomi-
nantly cortical underestimation and subcortical overestimation
in SUVr PET data for both MR AC methodologies.
Conclusion MR-based AC results in significant underestima-
tion of activity concentrations throughout the brain, which
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makes the use of SUVr data difficult. These effects limit the
quantitative accuracy of neurological PET/MR.
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Introduction

The recent introduction of simultaneous PET/MR into the
clinical imaging armoury is a significant development in
medical imaging. There is much debate about the key roles
and the potential of this new modality [1], but one role where
there is significant potential is in the area of neuroimaging.

There is no doubt that the current imaging modality of
choice in the brain is MRI. This is reflected in the clinic and
in the literature with close to 20,000 publications recorded in
PubMed in 2012 compared to 2,800 for CT, 1,100 for SPECT,
and 2,600 for PET (using the keywords “Brain” with “MRI”,
“CT”, “SPECT”, and “PET”, respectively). Nevertheless, al-
though MR is able to measure function using techniques based
on BOLD sequences and magnetic resonance spectroscopy,
the ability of PET to measure function is superior to that of
MRI both in sensitivity to signal, and in its direct measure-
ment of physiological responses [2]. One thing that PET
cannot offer, however, is high-resolution anatomical imaging.
A combination of PET and MRI therefore offers great poten-
tial in the neuroimaging arena.

It has been argued that with automated image registration
of PET and MR being widely available and easily applicable
in the brain, simultanecous PET/MR is not necessary for neu-
rological applications. However, the combined measurement
of functional parameters on MR and PET is extremely attrac-
tive and is only possible with a simultaneous PET/MR instru-
ment. Simultaneous acquisition also offers other opportunities
such as the use of MR pulses or sequences to correct for
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patient motion [3, 4], the ability to perform partial volume
correction and a priori PET reconstructions [5—7], and the
possibility of using gadolinium first-pass information to direct
PET pharmacokinetics [8]. Furthermore, in neurooncology in
which the utmost precision and same time-point imaging are
required, simultaneous PET and MR would be preferable to a
registration approach.

However, even with all these opportunities simultaneous
PET/MR is not without its challenges. One of these chal-
lenges is using MR information for the accurate correction
of PET photon attenuation. Unlike CT whose measure-
ments of electron density can be directly translated into
a reasonable attenuation map [9], MR typically provides a
map of proton (hydrogen nuclei) density and relaxation
properties of tissues, which cannot easily be converted
into a form to correct for PET photon attenuation [10].
One of the current clinically available MR-based attenua-
tion corrections (AC) is derived from the two-point Dixon
gradient echo sequence [11]. By deriving information from
echo times in which the signal from water and fat are in
and out of phase, it is possible to create segmentation-
based attenuation maps showing air (background), lungs,
soft tissue (water) and fat [12]. Unfortunately, this method
does not produce a bone signal, instead defining bone as
soft tissue in attenuation maps. This has detrimental effects on
PET image quality and accuracy, particularly in the brain
which is surrounded by bone [13], and so Dixon based AC
is not recommended for quantitative brain imaging [12].

Accepting the limitations of Dixon-based methods,
equipment manufacturers and academic research groups
have been working on improved solutions [14]. One
such methodology which is being introduced into clin-
ical use is based on an ultrashort echo time (UTE)
sequence [15]. Bone typically has very short relaxation
times, so the use of a UTE imaging sequence can
capture bone information that can be incorporated into
attenuation maps. Unfortunately, this is at the expense
of an increased scan time. To our knowledge there are no
investigations in the literature exploring the effect of cur-
rent clinically available MR-based attenuation correction
(MR AC) methods on patient data. The aim of this study is
to do just this by comparing clinically available MR
methods — namely the two-point Dixon-based approach
(Dixon AC) and the UTE approach (UTE AC) — with a
CT-based attenuation correction (CT AC).

In neuroimaging, in addition to providing PET informa-
tion in terms of activity concentrations (or SUV), data can
often be represented as SUV normalized to a reference
region, which is known as SUVr. Using data from FDG
studies, this investigation compares CT AC and MR AC
methods, with PET uptake defined in standard terms (activity
concentrations), and also in terms of SUVr referenced to a
commonly used cerebellar reference region [16].

Materials and methods
Subjects

This retrospective study included 25 patients. The average age
of'the subjects was 37.1 years (range 23 — 62) with 12 men and
13 women. Of the 25 patients, 22 were referred to determine a
possible epileptogenic focus, and 3 were referred to assess
dementia. Based on clinical interpretation of the standard of
care PET/CT scan, 18 of the 22 epileptic patients had abnor-
mal areas of hypometabolism, and 2 of the 3 dementia patients
had areas of hypometabolism. Approval for this study was
given by the local ethics committee, with all patients giving
informed consent for the data to be used in retrospective
studies.

Image acquisition

FDG PET/CT data were acquired on GE Discovery ST and
VCT PET/CT systems (GE Healthcare Systems, Waukesha,
WI) and PET/MR data were acquired on a Siemens Biograph
mMR system (Siemens Healthcare, Erlangen, Germany; soft-
ware version VB18p). A summary of the acquisition param-
eters used is given in Table 1.

In 13 of the 25 patients PET/CT was performed before
PET/MR at an average of 69.64 min (range 28 — 131 min)
after injection. In the remaining 12 patients who had PET/MR
first, the average time of imaging was 64.72 min (range 32 —
132 min) after injection. The difference in time after injection
between the two groups was not significant (p=0.59) as de-
termined using Student's  test. Furthermore, the uptake envi-
ronment before the first scan, and transportation between the
uptake area and the scanner were similar in the PET/CT and
PET/MR suites.

To minimize potential misregistration of PET and attenua-
tion correction data, patients were immobilized in the PET/CT
scanner with a head restraint using straps, while in the PET/
MR scanner the head position was severely restricted by the
head coil and specifically designed minimally attenuating
immobilization pads. Following image acquisition all PET/
CT and PET/MR data were visually assessed to check the
integrity of registration of the PET and AC data.

Image processing/analysis
Data preparation

We used the PET data acquired on the PET/CT scanner and
reconstructed using CT AC as the gold standard. Comparisons
between CT AC PET and data acquired on the PET/MR
scanner and reconstructed using Dixon AC and UTE AC were
assessed using both voxel and volume of interest (VOI) meth-
odologies. The voxel-based analysis was chosen because of its
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Table 1 Acquisition and recon-

struction parameters used to Parameter Scanner
create AC data on PET/CT
and PET/MR scanners GE discovery ST/VCT Siemens Biograph mMR
PET
Scan mode 3-D 3-D

Voxel size (mm)

Reconstruction

Scan duration (min) 15
Attenuation correction

Processing

Slice thickness (mm) 3.75

Scan duration (min:s) 0:12

1.95%x1.95%3.27

Three iterations, 20 subsets, 3-D
Hanning filter (cut-off 4 mm)

CT AC: 120 kVp, 300 mAs,
pitch 1.75/1.375

CT AC reconstruction filter, multilinear
conversion of HU to PET attenuation

1.40x1.40%2.03

Three iterations, 21 subsets, 3-D
gaussian filter (3.5 mm FWHM)

15

Dixon AC: TE; 1.23 ms, TE, 2.46 ms,
TR 3.6 ms, flip angle 10°

UTE AC: TE; 0.07 ms, TE, 2.46 ms,
TR 11.94 ms, flip angle 10°

Dixon AC: fat, water, air segmentation
UTE AC: bone, water, air segmentation
Dixon AC: 3.12

UTE AC: 1.6

Dixon AC: 0:19

UTE AC: 1:40

ability to assess differences without bias to selected areas of
interest, and the VOI approach is relatively commonly applied
in quantitative neurological PET.

The first step in the analysis was to put all AC PET data into
the same anatomical space. Using SPMS (Statistical Parametric
Mapping; Wellcome Institute, UCL, London, UK), the PET
studies were registered to the PET template within SPM using a
bounding box of (—88 —116 —80; 88 80 100) to ensure that the
full cerebellum was included. The spatial normalization algo-
rithm uses a 3-D nonrigid transformation model for warping a
brain scan to a template. These nonrigid transformations are
parameterized by basis functions such as cosine and polynomia
and constrained by prior information based on canonical brain
anatomy [17]. Since Dixon AC and UTE AC data are derived
from the same nonattenuated PET data, registration parameters
were derived for the Dixon AC data, and the same registration
parameters applied to both Dixon AC and UTE AC PET data to
avoid any possible differences in registration for the two MR
AC techniques.

Following registration, data were “count”-normalized. For
data to be assessed in terms of activity concentration, CT AC
PET data were rescaled to account for the radioactive decay
between acquisition of the CT AC and MR AC data. To produce
data in terms of SUVr, a grey matter cerebellum mask was
manually delineated on a high-quality T1 MRI scan in the same
anatomical space as the coregistered PET data. Using this mask,
PET data could be defined in terms of SUVr referenced to the
cerebellar grey matter using Matlab R2012a (Mathworks Inc.,
Natick, MA). Since the data were normalized to the cerebellum
there was no requirement to account for the time of scan to count-
normalize the SUVr PET data.

@ Springer

Data analysis

Using the MarsBaR toolbox for SPM [18], VOI analysis was
performed on activity concentration and SUVr data for ten
regions commonly assessed in neurological PET: the
amygdala/hippocampus, cerebellum, frontal lobes, insula, oc-
cipital lobes, parietal lobes, precuneus, striata, temporal lobes
and thalamus. Differences between CT AC and Dixon AC,
and CT AC and UTE AC methodologies were assessed in
absolute and percentage terms with the significance of these
differences determined using Student's paired ¢ test. The sig-
nificance of the changes seen with UTE AC compared with
those seen with Dixon AC was also assessed using Student's
paired ¢ test. To examine relationships and biases between the
‘gold standard’ CT AC and MR AC methodologies, correla-
tion and Bland-Altman analysis was performed. The statistical
software used was IBM SPSS Version20. All tests were two-
tailed with statistical significance determined as P<0.05.

Voxel-based analysis to assess differences between CT AC
and Dixon AC, and CT AC and UTE AC PET data was
performed within SPM8 using a paired t-test methodology.
All results were assessed at an uncorrected significance level
of P<0.001.

Results

VOI analysis in the ten selected regions showed that both
Dixon AC and UTE AC significantly underestimated the
activity concentrations in comparison with those derived
using CT AC (Fig. 1, Table 2). Correlation and Bland-
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Altman analysis confirmed this underestimation for most, but
not all studies, with differences increasing with increasing
activity concentration in the region. Example data showing this
relationship are given in Fig. 2a for the frontal lobe, although all
other regions showed similar associations. In terms of percent-
age difference, the average regional reduction in uptake ranged
from a maximum of 21 % in the occipital lobes to a minimum
of 11 % in the thalamus with Dixon AC, and 17 % in the
cerebellum to 4 % in the thalamus with UTE AC. On a regional

Table 2 Differences in regional activity concentration between MR AC
and CT AC PET data presented as means + standard errors of all 25
subjects. The significance of these differences as determined using the

5000.00 10000.00 15000.00 20000.00 25000.00

Mean Activity Concentration (Bq/ml)
Error bars: 95% ClI

basis, the use of UTE AC led to a significant reduction in the
level of underestimation found with Dixon AC in all areas
except the striata and cerebellum. The patterns of underestima-
tion with MR AC compared to those with CT AC were rein-
forced in the voxel-based analysis (Fig. 3), with substantial and
statistically significant underestimation of activity concentra-
tions seen in the cortical and cerebellar regions with Dixon AC.
The extent and significance of these differences were mostly
reduced when UTE AC was applied.

two-tailed Student's ¢ test are also given together with the significance of
the differences between Dixon AC and UTE AC

Region Dixon AC UTE AC Dixon-UTE AC difference
Difference (%) Pvalue Difference (%) Pvalue P value
Amygdala/hippocampus —13.05+3.95 0.003 —8.69+3.23 0.013 0.017
Cerebellum —19.80+3.84 0.001 —17.29+£3.77 0.001 0.084
Frontal —18.86+4.20 0.001 —15.66+4.09 0.001 0.001
Insula —15.98+4.43 0.001 —10.73+£4.19 0.017 0.001
Occipital —21.30+4.57 0.001 —15.17+4.66 0.003 0.001
Parietal —19.68+4.42 0.001 —12.16+4.58 0.014 0.001
Precuneus —17.18+4.65 0.001 —9.90+4.67 0.044 0.001
Striatal —12.54+4.74 0.014 —9.24+4.34 0.043 0.090
Temporal —19.16+3.98 0.001 —15.18+3.69 0.001 0.001
Thalamus —10.74+4.82 0.035 —4.32+4.35 0.331 0.001
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Fig.2 Correlation and Bland-Altman analyses showing the relationships in the frontal lobe between CT and MR AC techniques with data represented as

a activity concentrations and b SUVr

VOI results using SUVr are summarized in Fig. 4 and
Table 3, with example correlation and Bland-Altman analysis
for the frontal lobe shown in Fig. 2b. Both Dixon AC and
UTE AC overestimated SUVr compared to CT AC in all
subcortical areas in addition to the insula and precuneus
cortical areas. However, the overestimation was not signifi-
cant in the precuneus using Dixon AC. In the remaining
cortical areas, underestimation was seen with Dixon AC,
although it was only statistically significant in the occipital
lobes. Overestimation was apparent with UTE AC — signifi-
cantly so in the parietal and temporal lobes. In cerebellar areas,
both MR AC techniques led to a small but statistically signif-
icant underestimation of uptake when compared to that de-
rived using CT AC. Correlation analysis supported these
findings, with Bland-Altman plots showing no underlying
bias. Statistically significant differences in uptake determined
using the two MR AC techniques were found in all regions
with the exception of the cerebellum, frontal lobes and striata.

This mixed picture is generally supported in Figs. 5 and 6
which show highly significant areas of underestimation and
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overestimation. Where there was underestimation with Dixon
AC compared to CT AC (Fig. 5a), these areas of underesti-
mation were limited to the most lateral elements of cortical
regions. The right side of the brain also appeared to be more
affected than the left. Most of these areas of underestimation
were not seen with UTE AC (Fig. 5b), with only small
differences seen in the frontal, temporal and cerebellar re-
gions. Again there appeared to be some features indicating
lateralization in these differences. In relation to overestimation
of SUVr with MR AC compared to CT AC (Fig. 6), UTE AC
showed more extensive and more significant areas of overes-
timation than those seen with Dixon AC. No features indicat-
ing lateralization were discernible in this comparison.

Discussion
The inaccuracy of attenuation correction in PET/MR due to

the difficulty in defining bone tissue is of concern, particularly
in the brain, which is surrounded by bone and where
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Fig. 3 Paired comparisons of activity concentrations derived from CT AC PET data and a Dixon AC PET data and b UTE AC PET data. The images
show areas of underestimation with MR AC compared to CT AC at a significance level of P<0.001 uncorrected

quantitative assessment of PET data may be essential. The
findings of this study comparing clinical patient data from a
simultaneous PET/MR scanner to that from PET/CT, high-
light the extent of the issue using currently available tech-
nology. Our findings suggest that the use of standard Dixon
AC methodologies used as a default in some simultaneous
PET/MR scanners, can lead to underestimation of cortical
activity concentrations as high as 21 %, with subcortical
underestimation around 10 — 15 %. Voxel-based assessment
of these differences showed the problem to be extensive in
the grey matter, which makes accurate quantitative assess-
ment of tracers such as FDG problematic. Furthermore,
Bland-Altman analysis of regional data revealed an under-
lying trend in this underestimation with increasing differ-
ences between methods with increasing regional activity
concentration, and even overestimation using Dixon tech-
niques in some instances (Fig. 2a).

These findings are not unexpected. As activity concentra-
tion in an area increases, disparities in the attenuation maps
will, through the multiplicative nature of AC, lead to increas-
ing differences in PET uptake. Overestimation of uptake using
Dixon AC in place of CT AC is also possible in some
instances because of variability in anatomy and the segmen-
tation process. Of course, the Dixon method was never rec-
ommended for brain work, which is why sequence-derived
solutions such as that based on UTE imaging have been put
forward as alternatives. However, our findings show that
although the use of UTE AC led to significant improvements
in the accuracy of PET uptake measurement (with reference to
our gold standard) by reducing the severity and extent of areas
of underestimation throughout the brain, underestimation of
PET activity concentrations was still as high as 15 % in
cortical areas reducing to around 4 % in areas such as the
thalamus. Inaccuracy was most challenging, however, in the
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Fig. 4 Mean regional SUVr
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cerebellum where the sinuses and bony areas around the  raysums (integrals) will pass through bone [20]. The issue
sinuses can be difficult for both Dixon and UTE methodolo- ~ was improved with UTE AC; although, as can be seen in a
gies [19]. As with the Dixon method, there appeared to be  typical UTE-based attenuation map, current segmentation of
variability and bias in this underestimation, and overestima-  bone is basic with limited spatial resolution and imperfect
tion in a small number of cases. segmentation (Fig. 7d). Particular problems for both tech-
Areas of underestimation are not unexpected using MR AC  niques occurred in the inferior part of the brain, particularly

methods. Using Dixon AC, the lack of bone in attenuation  around the cerebellum and inferior temporal lobe regions such
maps (Fig. 7) will affect all PET lines of response passing  as the temporal pole. In such regions, there can be difficulty in
through the skull. However, the greatest effects occur in or  differentiating soft tissue from air (Dixon AC) and bone from
close to areas where there is a high density of bone tissue,  soft tissue from air (UTE AC) in the sinuses, as is demonstrat-
because at oblique angles a greater proportion of the PET  ed in Fig. 8. The bones in this area such as the temporal bone,
Table 3 Differences in regional
SUVr between MR AC and CT Region Dixon AC UTE AC Dixon-UTE AC difference
AC PET data presented as the
means + standard errors of all 25 Difference (%) Pvalue Difference (%) Pvalue P value
subjects. The significance of these
differences as determined using Amyg/Hippo  7.92+1.18 0.001 10.22+1.11 0.001 0.004
the two tailed Student's ¢ test are Cerebellum —0.8240.25 0.003 —0.77+0.26 0.007 0.868
also given together with the sig- g ) ~0.05+1.03 0963  043+1.13 0707 0519
nificance of the differences be-
tween Dixon AC and UTE AC Insula 3.31+0.93 0002  6.47+0.98 0017 0.001

Occipital —3.78+1.47 0.017 0.30+1.59 0.854 0.001

Parietal —-1.42+1.33 0.297 421+£1.42 0.007 0.001

Precuneus 1.46+1.32 0.281 6.93+1.44 0.044 0.001

Striatal 7.33£1.12 0.001 8.25+1.49 0.043 0.474

Temporal —0.17+0.61 0.782 1.50+0.66 0.001 0.001

Thalamus 9.57+1.05 0.001 14.27+0.94 0.001 0.001
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Fig. 5 Paired comparisons of SUVr derived from CT AC PET data and a Dixon AC PET data and b UTE AC PET data. The images show areas of
underestimation with MR AC compared to CT AC at a significance level of P<0.001 uncorrected

and wings of the sphenoid are of relatively low density, which
results in the MR signals being difficult to accurately detect
and segment, even with UTE sequences. This has the potential
to produce areas where PET uptake is underestimated if
bone/soft tissue is classified as air and overestimated if air is
classified as bone/soft tissue.

Comparing our results with those of previous studies there
are areas of both agreement and apparent disagreement. Re-
garding the underestimation, our results with Dixon AC gen-
erally match the findings of Samarin et al. [13] and Keereman
etal. [15], both in the areas and magnitude of underestimation.
Keereman et al. report areas of underestimation of up to 14 %,
and Samarin et al. report underestimation of around 14— 16 %
in areas close to bone, which compares well with our findings
of up to 20 % in the same area. Similarly, the underestimation
of the PET signal in our UTE AC data is in good general
agreement with the results reported by Catana et al. [21],

Keereman et al. [15] and Berker et al. [19] again in terms of
the areas and magnitude of changes. Maximum areas of
underestimation near bone were reported as 20 — 40 % by
Keereman et al. and around 20 % by Berker et al. Our results
suggest a maximum underestimation of 15 %.

However, there appears to be disagreement in the published
data for both Dixon AC and UTE AC which, contrary to our
results, also suggest areas of overestimation, most frequently
around the sinuses, but also in other areas [15, 19, 21]. Why
there would be areas of overestimation in the middle of the
brain around and superior to the ventricles is difficult to
explain since the absence of bone tissue for the Dixon AC,
or incompleteness of bone tissue for UTE AC would lead to
underestimation of uptake for all lines of response through the
skull, which would be more significant in areas close to the
skull itself. Areas of overestimation around the sinuses are
easier to understand as described above, although these were
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Fig. 6 Paired comparisons of SUVr derived from CT AC PET data and a Dixon AC PET data and b UTE AC PET data. The images show areas of
overestimation with MR AC compared to CT AC at a significance level of P<0.001 uncorrected

not apparent in our group analysis. Why there appears to be
discordance between our and published results, particularly
with UTE AC, can be partly attributed to methodological
differences in acquisition technique, segmentation, and indeed
the attenuation coefficients assigned to the different tissue
types. For the first two factors, this can be seen with a wide
range in UTE AC map quality in this study and in the

Fig. 7 Superior slices of a brain showing a CT AC data, b CT with a
standard reconstruction filter, ¢ Dixon AC data and d UTE AC data

@ Springer

literature. However, apparent differences between the MR
AC techniques can also be ascribed to the methods of analysis
used in this and the other studies. In our regional analysis we
defined our results based on volumes that could be quite
substantial in extent. This approach was chosen since analysis
of PET data is frequently performed using such regions,
although it may of course dilute areas of overestimation found

Fig. 8 Inferior slices of a brain showing temporal bones represented
using a CT AC data, b CT with a standard reconstruction filter, ¢ Dixon
AC data and d UTE AC data
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in the literature. Furthermore, while others have performed
analyses in single subjects or small groups, in our group-wise
analysis of 25 patients we found that no areas of overestima-
tion predominated in the group as a whole. Of course, on an
individual subject basis (Fig. 2), in a small number of areas PET
uptake was overestimated. In our voxel-based analysis, although
areas of overestimation may exist on an individual basis, the
statistical analysis over our groups of data showed no areas of
significant overestimation. Because of the variable quality of
MR AC maps within and between subjects, this lack of areas of
significant overestimation could again be attributed to an in-
creased variance caused by the differing levels of regional
success in MR AC map creation process over the whole group.

The errors in regional activity concentrations translated
through to the data represented as SUVr with a grey matter
cerebellum reference volume. Instead of accounting for the
general errors in MR AC, the inaccuracy in cerebellar activity
concentrations led to a mix of areas of underestimation and
overestimation of SUVr with no underlying bias in the differ-
ences. In percentage terms, the regional difference between
CT AC and MR AC PET data appears to be less than the
difference in activity concentration data, and at the voxel level
the extent of the difference also decreased. However, at the
statistical level, SPM highlighted a higher level of cortical
underestimation in both the Dixon AC and UTE AC compar-
isons, with the additional confounder of extremely significant
areas of overestimation in subcortical areas that were absent in
the activity concentration data. There are some apparent in-
consistencies between regional and voxel-based methodolo-
gies such as significant cortical overestimation of SUVr using
a regional approach which are seen as highly significant areas
ofunderestimation in voxel-based analysis. However, this can
easily be explained by the very focused and lateralized areas
of underestimation (Fig. 4b) being diluted when represented
by large bilateral regions.

The right-left asymmetry in SUVr and activity concentra-
tion data was unexpected. Using the MarsBaR toolbox, right-
sided and left-sided regional data were derived but subse-
quently conjugated for our analysis. In right-sided and left-
sided regions in the midfrontal and midoccipital lobes where
lateralization in voxel-wise SU Vr differences seemed greatest,
significant regional differences were also seen. Indeed in the
midoccipital lobe, significant differences (right more then left)
were also seen in the Dixon AC and UTE AC activity con-
centration data. Why these left-to-right differences occurred is
not known, but the differences may have been due to local
field inhomogeneities producing missegmentation in the MR-
derived AC maps. In its simplest form, tissue segmentation is
based on simple thresholding of images at multiple levels of
voxel intensity. More sophisticated techniques use clustering
algorithms in conjunction with probabilistic models based
both on information from histograms of voxel intensity and
on neuroanatomical information. All of these techniques,

however, are sensitive to a lesser or greater extent to partial
volume effects, distortion and uniformity as well as signal-to-
noise and contrast-to-noise ratios in the images so that any
subsequent measurements of tissue volume would necessarily
include variability due to variations in both image quality and
anatomy, but these effects can be partly corrected for using
postprocessing techniques. Since the Siemens PET MR AC
correction tools are not available to users it is impossible to
ascertain the effect on the PET data of using uncorrected or
corrected bias AC maps. However, we were able to establish
the presence of a right-to-left difference in field homogeneity
in many patients (Fig. 9) using N3 software tools [22] which
resulted in an average difference of 2,070 bone-assigned
voxels between the corrected and uncorrected UTE AC ac-
quisitions. This highlights the fundamental difficulties in
using the MR signal to provide AC for PET data, and in order
to use data reconstructed using this method for semiquantita-
tive analysis it is essential to build scanner-specific normal
databases for comparisons.

To put these effects into context it is helpful to see how they
translate into clinical interpretations of data. Figure 10 shows
three global count-normalized 3-D SSP surface-rendered rep-
resentations [23] of the brain of a patient with epilepsy dem-
onstrating mild bilateral temporal hypometabolism, with three
images showing PET data attenuation-corrected using CT-,
Dixon- and UTE-based attenuation maps. Using CT AC, the
patient is seen to have mild areas of hypometabolism in the
poles and inferior aspects of both temporal lobes, with the
remaining territories showing relatively good, even metabo-
lism. When Dixon AC is applied, a global reduction in me-
tabolism is seen, with lateral, inferior and superior areas
affected more than medial aspects. Because of this effect, the
hypometabolism in the temporal lobes is more exaggerated
than that seen when CT AC is applied. Using UTE AC, some

Fig. 9 An example of field inhomogeneity in the first echo of the UTE
sequence as determined using N3 software. The data represented are
uncorrected data minus corrected data
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Fig. 10 3-D SSP surface-
rendering maps of the brain of a
patient with epilepsy using PET
data attenuation-corrected using
CT, Dixon- and UTE-based
attenuation maps

C

of the loss in global metabolism is recovered from that seen
using Dixon AC, but the inferior areas of the brain nearer the
sinuses and lower skull structures show further reduced areas
of metabolism compared to the pattern seen using CT AC,
particularly in the poles and inferior aspects of both temporal
lobes. The global reduction in calculated activity concentra-
tions with Dixon AC compared to CT AC compares well with
our group findings, as does the partial recovery of attenuation
losses and bone/sinus segmentation difficulties when UTE
AC is used.

As mentioned above, our study was performed using ‘out-
of-the-box’ methods provided by the scanner manufacturers,
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and there were inevitably some differences between ours and
previously described techniques. Although full details of the
techniques we used are not completely within the public do-
main, we can speculate as to where the differences may lie,
namely the acquisition parameters, segmentation algorithms,
and the PET attenuation values used. For Dixon-based attenu-
ation maps there are currently two scanner-specific methodol-
ogies [12, 24] with the Martinez-Moller method [12] used in
our simultaneous PET/MR device. Similar to all MRI devices
there are small differences between the MR acquisition pro-
cesses across devices/manufacturers, but the key difference
with these techniques is the segmentation algorithm used. On
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our scanner, a four-tissue segmentation (air, fat, soft tissue, and
lungs) is used, while the alternative combines the fat and soft
tissue segmentation into one soft tissue class. Although the
results from these two techniques are similar [24], the segmen-
tation into more rather than fewer tissue classes is deemed to
lead to more accurate PET uptake values [24, 25], suggesting
that our results represent the best currently achievable accuracy
with Dixon-based methods.

The differences between UTE methodologies currently
available are greater than those seen with Dixon-based
techniques, reflecting the fact that these methods are cur-
rently under continuing development and optimization.
One clear difference between the technique used in our
methods and those used in previously published studies is
the acquisition parameters used, with the scan duration in
our work much shorter than that used in other studies [15,
21]. The driver for a shorter scan duration is the demand
for other MR sequences to be run whilst the PET scan is
running; however, this has come at the cost of poorer
image quality. This choice is more likely to lead to poorer
segmentation of data, and in turn poorer quantitative ac-
curacy [26]. It is expected that continuing optimization
and future developments will improve the performance of
UTE AC, although the challenges of accurate capture and
segmentation of tissue bone and air, particularly around
the sinuses will remain. Additionally, the PET attenuation
coefficient values used for both MR AC methods may
also have led to differences between our and previously
published results. There is currently little consensus as to
the appropriate values to use [14], although the effects of
using different values are understood [26].

There were some potential limitations in our study. The
primary limitation was that PET data derived using CT AC
and MR AC were acquired sequentially on different scanners.
To overcome any bias in the PET data relating to time after
injection, we randomly streamed patients into PET/CT or
PET/MR. Retrospectively, we found no significant difference
in scan time between the groups. There were also small
performance differences between the scanners involved, par-
ticularly in terms of spatial resolution and sensitivity. As much
as possible the acquisition and processing protocols were
matched to produce images of similar quality, although for
sensitivity this is challenging given the fact that the brain
almost fills the field of view on PET/CT, but only partially
fills it on PET/MR. Nevertheless, even if there were residual
differences caused by scan time or scanner performance, such
differences would have led to a spatially invariant bias. Our
data show differences that changed between brain regions, and
our results showed the greatest differences between AC
methods closest to bone, and the smallest differences in sub-
cortical areas. This is better explained by the differences in AC
maps than any by small performance differences in the recon-
structed PET data.

Further technical limitations included the difference in
slice thickness between CT AC and MR AC maps, and also
the fixed linear attenuation coefficients used in MR AC maps.
These issues are common to other studies in this area [19] and
a workable solution would be difficult to find. The methodol-
ogy for sequential scanning also led to the possibility of
external stimuli before and between scans. However, the
uptake environment was similar in the PET/CT and PET/
MR suites, and scans were performed at a time after injection
at which free FDG in the bloodstream would have been
minimal and likely to have caused only small perturbations
in the overall FDG signal. Furthermore, had any perturbations
to existed, these would probably have become even less
significant in the group analysis, and likely if anything to have
increased the variance in the groups, and therefore to have
decreased the probability of significant differences. To over-
come the effects of possible differences in scanner perfor-
mance, scan time, or tracer uptake between scans, it would
have been useful to have had a method to compare the data
from each scanner in the absence of any attenuation maps, i.e.
using data without attenuation correction (non-AC data).
However, the signal and also the noise/variance in non-AC
data change dramatically on moving from the edge to the
centre of the brain, which would make such statistical com-
parisons invalid for both VOI and SPM approaches.

Another possible limitation is that our subjects were patients
clinically referred for a PET scan. Ethical considerations make
scanning healthy control subjects to acquire a snapshot of current
technology difficult to justify. Our patients were mostly young
(younger than 40 years), and therefore had limited anatomical
features/atrophy that could have confounded the results. How-
ever, almost all had areas of hypometabolism with 17 of the 22
abnormal patients demonstrating reduced uptake in the temporal
lobes. The effect of these areas of hypometabolism would not
therefore have been an issue outside this region. Furthermore,
looking at the patterns throughout the brain, the results in
neighbouring regions were not dissimilar to that in the temporal
lobes, which suggests that the effect of hypometabolism in this
region had a limited effect on the results.

Finally, we assumed that CT attenuation was the gold
standard. Because of the challenges of converting the attenu-
ation coefficients of a spectrum of low-energy photons from
CT to the appropriate monoenergetic high-energy attenuation
coefficient required for PET, the method is not without its
errors [9, 27, 28], particularly since the CT scan was per-
formed separately from the PET scan. However, since we took
all possible steps to minimize misregistration between the
PET and CT data, and because attenuation maps derived from
CTand a 511 keV transmission source have been found to be
effectively equivalent [29], we feel that CT AC can be con-
sidered a strong ‘gold standard’ comparator.

Overall, our findings strongly suggest that quantitative
neurological PET/MR is not reliable with currently available
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methods of MR AC. Representation in terms of activity con-
centrations showed substantial and significant areas of under-
estimation, with SUVr data referenced to the grey matter
cerebellum showing a mixture of predominantly cortical un-
derestimation and subcortical overestimation. Furthermore,
with underestimation of activity concentrations in all areas
of the brain, alternative reference regions would also be unre-
liable for the creation of SUVr data.

The results reported here offer a snapshot of the current
limitations of MR AC for PET. However, the presence of a
problem with available methodologies is well known [14],
and there are continuing efforts within the community to
produce improved techniques. This does not mean that neu-
rological PET/MR is of no value. In neurooncology, the
advantage of knowing where there is viable tumour by
superimposing functional PET data onto MR anatomy is
extremely valuable, with the visual assessment of data more
than adequate for scan interpretation. Also, in neurodegener-
ative diseases, the presence of multimodality MR and PET
information, even if the PET data are quantitatively compro-
mised is still very powerful to understand the patient’s condi-
tion better. The presence of PET/MR as a modality is very
important for neurological imaging, and with the advent of
new technologies will only improve further.

Conclusion

MR AC leads to a significant underestimation of activity
concentration within the whole brain, but particularly in cor-
tical grey matter and in the cerebellum. These effects limit the
quantitative accuracy of neurological PET/MR represented
either in terms of activity concentration or SUVr referenced
to the commonly used grey matter cerebellum.
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