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Abstract

Introduction Non-invasive detection of pathological changes in thoracic aortic disease remains an unmet clinical need
particularly for patients with congenital heart disease. Positron emission tomography combined with magnetic resonance
imaging (PET-MRI) could provide a valuable low-radiation method of aortic surveillance in high-risk groups. Quantification
of aortic microcalcification activity using sodium ['*F]fluoride holds promise in the assessment of thoracic aortopathies. We
sought to evaluate aortic sodium ['*F]fluoride uptake in PET-MRI using three methods of attenuation correction compared
to positron emission tomography computed tomography (PET-CT) in patients with bicuspid aortic valve,

Methods Thirty asymptomatic patients under surveillance for bicuspid aortic valve disease underwent sodium ['®F]fluoride
PET-CT and PET-MRI of the ascending thoracic aorta during a single visit. PET-MRI data were reconstructed using three
iterations of attenuation correction (Dixon, radial gradient recalled echo with two [Radial VIBE-2] or four [Radial VIBE-4]
tissue segmentation). Images were qualitatively and quantitatively analysed for aortic sodium ['®F]fluoride uptake on PET-
CT and PET-MRI.

Results Aortic sodium ['®F]fluoride uptake on PET-MRI was visually comparable with PET-CT using each reconstruction
and total aortic standardised uptake values on PET-CT strongly correlated with each PET-MRI attenuation correction method
(Dixon R=0.70; Radial VIBE-2 R=0.63; Radial VIBE-4 R=0.64; p <0.001 for all). Breathing related artefact between soft
tissue and lung were detected using Dixon and Radial VIBE-4 but not Radial VIBE-2 reconstructions, with the presence of
this artefact adjacent to the atria leading to variations in blood pool activity estimates. Consequently, quantitative agreements
between radiotracer activity on PET-CT and PET-MRI were most consistent with Radial VIBE-2.

Conclusion Ascending aortic microcalcification analysis in PET-MRI is feasible with comparable findings to PET-CT.
Radial VIBE-2 tissue attenuation correction correlates best with the reference standard of PET-CT and is less susceptible to
artefact. There remain challenges in segmenting tissue types in PET-MRI reconstructions, and improved attenuation correc-
tion methods are required.
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Introduction

Positron emission tomography with magnetic resonance
imaging (PET-MRI) is a modality with an evolving utility
in cardiovascular disease, offering simultaneous acquisition
of functional, anatomical and molecular information. It has
been demonstrated to be robust and feasible in cardiac con-
ditions [1], but its applicability in aortic disease has yet to
be established.

Bicuspid aortic valve disease is associated with aortopa-
thy where there is an abnormal dilatation of the ascending
aorta and risk of secondary aortic dissection [2]. Acute aortic
dissection is commonly the first presentation of symptom-
atic aortic disease and is usually fatal [3]. Standard clini-
cal care relies on surveillance of the aortic diameter, with
targeted prophylactic intervention when the aorta reaches a
threshold diameter to trigger surgical intervention. Despite
this, a high proportion of patients with aortopathy experi-
ence aortic dissection when the thoracic aortic diameter is
below the threshold for surgical intervention [2]. There is a
clear need to improve clinical risk stratification in patients
with bicuspid aortic valve associated aortopathy.

The characterisation of early pathophysiological change
in the aortic wall is an area of major interest in bicuspid
aortic valve related aortopathy. Microcalcification occurs
because of breaks in elastin fibre complexes within the
media of the aorta, resulting in the deposition of micro-
scopic hydroxyapatite crystals [4, 5]. Sodium ['®F]fluoride
is a radiotracer which binds to hydroxyapatite crystals and
can be detected and quantified using PET [6, 7]. Studies
using sodium ['®F]fluoride PET combined with computed
tomography (CT) have shown promise in patients with aor-
tic dissections. In a cohort of patients suffering acute aortic
dissection, sodium ['®F]fluoride uptake at the dissection site
was associated with aortic growth and major adverse aortic
events [8].

PET-MRI poses several potential advantages over PET-
CT as it confers lower ionising radiation exposure, excellent
soft tissue contrast, and dynamic functional assessment of
blood flow [9]. These benefits make it a potentially attrac-
tive modality for monitoring disease activity in thoracic
aortopathies. However, an ongoing challenge in PET-MRI
is attenuation correction during data processing. A common
approach is to generate an attenuation correction map using
the Dixon MRI sequence [10], but this technique is sensitive
to motion and breathing related artefact particularly at the
borders between the lung and both the heart and the dia-
phragm [11, 12]. An alternative technique is utilising free-
breathing radial gradient recalled echo (GRE) sequences
which can reduce this artefact [11].

In this study, we aimed to evaluate the assessment of
thoracic aortic sodium ['®F]fluoride uptake on PET-MRI in

adults with bicuspid aortic valve disease. We sought to com-
pare three separate PET-MRI attenuation correction meth-
ods against the reference standard of PET-CT.

Materials and methods
Study population

Thirty subjects underwent sodium ['*F]fluoride PET-CT and
PET-MRI examinations as part of the Assessment of Risk
in Thoracic Aortopathy using sodium ['®F]fluoride study
(AoRTAs; NCT04083118). All participants were under sur-
veillance for bicuspid aortic valve disease (diagnosed with
transthoracic echocardiography with or without adjunct CT
or MRI) and were aged over 40 years. Subjects with pre-
vious aortic root replacement, previous aortic dissection or
rupture, contrast allergy or pregnancy were excluded. The
study was approved by the Scottish Research Ethics Com-
mittee (REC reference: 18/SS0136), the United Kingdom
Administration of Radiation Substances Advisory Commit-
tee and local institutional review board. Written informed
consent was obtained from all participants.

PET-CT acquisition

All participants were administered a target dose of 250 MBq
sodium ['®F]fluoride intravenously and were imaged after
60 min using a hybrid 128-slice PET-CT scanner (Biograph
mCT, Siemens Healthineers, Germany). A low-dose attenua-
tion correction CT scan was performed (100-120 kV, 40-50
mAs, 5/3 mm). PET data were acquired using electrocar-
diogram (ECG)-gating in list-mode in three 10-min bed
positions ensuring coverage of the entire thoracic aorta and
heart. PET-CT images were corrected for attenuation, dead
time, scatter and random coincidences, using an optimised
iterative reconstruction algorithm (ultra-HD; TrueX + Time
of Flight, matrix 200, zoom 1; 5 mm Gaussian filter).

PET-MRI acquisition

Upon completion of the PET-CT examination, the subjects
immediately underwent PET-MRI on a hybrid PET-MRI
scanner (Biograph mMR, Siemens Healthineers, Germany)
allowing simultaneous MRI and PET data acquisition.
Using PET compatible elements from a 12-channel body
matrix and a spine matrix coils, all images were acquired
using ECG-gating. Both Dixon (end-expiration, breath-
held, 3-dimensional, dual-echo spoiled gradient-recalled
echo [10]) and free-breathing radial GRE (gradient recalled
echo; RadialVIBE [11, 12]) sequences were acquired. Fol-
lowing acquisition, PET data were reconstructed using the
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following parameters to provide optimum signal-to-noise
and contrast-to-noise ratios: 344 matrix, 3 iterations, 21
subsets, 5-mm Gaussian filter. Three final attenuation cor-
rection maps were generated based upon MRI sequences
performed: a standard Dixon map (segmentation into 4
tissue types: air, lung, soft tissue and fat) and two custom
attenuation correction maps based on radial GRE (Radial-
VIBE-2 with segmentation into 2-tissue types [lung/air
and soft tissue]) and Radial VIBE-4 with segmentation into
4-tissue types [soft tissue, lung, fat, background air]). All
analyses were performed on the ordered subsets expectation
maximisation (OSEM) algorithm image reconstructions.

Aortic valve assessment

Aortic valve morphology was assessed using aortic valve
CINE images and classified using international consensus
classification [13]. The aortic valve function was assessed
using 2-dimensional phase contrast magnetic resonance
images at the sinotubular junction (with the velocity
encoded threshold set to the lowest value without alias-
ing). Aortic valve velocities and velocity gradients were
assessed by transthoracic echocardiography. Valve steno-
sis was determined using the maximum aortic velocity and
graded as none (<2.0 m/s), mild (2.0-2.9 m/s), moderate
(3.0-3.9 m/s) or severe (=4.0 m/s) [14]. Valve regurgita-
tion was assessed using cardiac MRI images and graded as
none, mild, moderate or severe based on visual assessment
of the valve, the presence or absence of flow reversal in the
thoracic aorta and regurgitation fraction by an accredited
consultant with specialist expertise in MRI blinded to the
PET results (MRD) (calculated using 2-dimensional phase
contrast sequences and stroke volume differential).

Analysis of Aortic Sodium ['®F]Fluoride Uptake

PET-MRI images were qualitatively assessed visually for
similarity to PET-CT images and the presence of artefact
at tissue type interfaces by one investigator (JN). Quantita-
tive sodium ['®F]fluoride uptake was assessed using Fusion-
Quant v1.21.0421 software (Cedars-Sinai Medical Centre,
Los Angeles). Images from PET-CT and each PET-MRI
reconstruction were co-registered in three orthogonal planes
using magnetic resonance angiography. Background blood
pool activity was measured by drawing one 2.1-cm® sphere
of interest in both the right and left atria and calculating
the average standardised uptake value divided by volume
(background SUVmean).

Previously described method of determining the total
standardised uptake value (total SUV), average aortic stan-
dardised uptake value (SUVmean) and the maximum stan-
dardised uptake value (SUVmax) were used for assessment
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of the ascending aorta. This method has been shown to be
highly reproducible and repeatable in aortic PET quantifica-
tion [15, 16] (Fig. 1).

In brief, the images were analysed using a centreline-
based approach to create a volume of interest. Starting at
the sinotubular junction and ending at the brachiocephalic
artery, a centreline was created at a minimum of three lev-
els within the ascending aorta using a multiplanar recon-
struction viewer. The diameter was drawn to the maximal
internal aortic diameter then increased by 4 mm. Contouring
around the aorta was drawn using a variable radius function
to accommodate any anatomical vessel tortuosity or focal
dilatation and reduce partial volume effects. The variable
radius function has been demonstrated to improve sodium
['®F]fluoride quantification in abdominal aortic aneurysm
analysis as described previously [16]. After drawing the
target volume of interest, total SUV, SUVmean (total SUV
within the aorta divided by its volume) and SUVmax (maxi-
mum voxel intensity with the drawn region of interest) were
generated. Aortic microcalcification activity (AMA) was
calculated as the cumulative voxel intensity in the region of
interest divided by its volume and corrected for background
sodium ['*F]fluoride activity as described previously [16].

Statistical analysis

Statistical analysis was performed using the software
package R (v4.0.2, R Foundation Statistical Computing,
Vienna). Shapiro-Wilk tests were used to assess normal-
ity of distribution of results. Categorical variables were
presented as number (percentage). Continuous variables
with normal distribution were present as mean (+ standard
deviation), and non-normally distributed variables were
presented as median [interquartile range]. Associations
between sodium ['®F]fluoride uptake in PET-CT and PET-
MRI and associations between aortic valve mean pressure
gradient and sodium ['*F]fluoride uptake were evaluated as
a continuous variable (Spearman’s correlation coefficient).
Correlation coefficients (R) of 0-0.19 were regarded as very
weak, 0.2-0.39 as weak, 0.40-0.59 as moderate, 0.6-0.79
as strong and 0.8-1 as very strong. Agreements between
sodium ['®F]fluoride uptake in PET-CT and each PET-MRI
reconstruction were assessed using mean bias, 95% limits
of agreement, intraclass correlation coefficient (consistency
and two-way random effects model) [17] and Bland-Altman
plots [18]. Intraclass correlation coefficient values was
described as poor when less than 0.5, moderate when 0.5—
0.75, good when 0.75-0.9 and excellent when greater than
0.9 [17]. Mean sodium ['®F]fluoride uptake values as quan-
tified by AMA, total aortic SUV, aortic SUVmean, aortic
SUVmax and blood pool were compared using a one-way
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Fig. 1 Method of determining aortic sodium ['*F]fluoride activity in
positron emission tomography (PET) images. PET images are first co-
registered with magnetic resonance angiography in three orthogonal
planes. (a) The ascending aortic activity is measured by drawing a
centreline from the sinotubular junction to the brachiocephalic artery
(green line). Calculated values are total standardised uptake value

ANOVA and post-hoc paired t-tests. Statistical significance
was set as a two-sided p <0.05.

Results

The study population consisted of 30 consecutive patients
with bicuspid aortic valve with a mean age of 49 years, 27%
(9/30) were female and the average ascending aortic diam-
eter was 41 mm (Table 1, Supplementary Table 1). Most
participants had mild or no valve stenosis (n=26, 87%) or
regurgitation (n=25, 83%). There was no demonstrable
relationship between bicuspid aortic valve mean pressure
gradient and aortic sodium ['®F]fluoride uptake in any
reconstruction or quantification method (Supplementary
Fig. 1, Supplementary Fig. 2).

Image Quality

Patterns and distribution of radiotracer activity were simi-
lar per patient in each PET reconstruction. As previously
identified, Dixon reconstructions were consistently affected
by increased radiotracer activity at the heart-lung border,
lung-diaphragm border and within the bronchi in all par-
ticipants. Artefact in these regions was also observed in
Radial VIBE-4 reconstructions but were not present in

(total aortic SUV), mean standardised uptake value (aortic SUVmean),
maximum standardised uptake value (SUVmax) and aortic microcalci-
fication activity (AMA). Blood pool estimates are obtained by drawing
a 2.1-cm® sphere of interest (green circle) in the left atrium (b) and
right atrium (c¢)

RadialVIBE-2 images. No tissue interfacing artefact was
detected in any PET-CT image (Fig. 2).

Image Quantification

Sodium ['®F]fluoride uptake was detected in the aorta of all
subjects, although intensity and distribution were variable
across individual patients (Table 2; Fig. 3). Total aortic SUV
ranged from 40.1 to 159.8 in PET-CT images, 35.9 to 143.2
in Dixon images, 35.5 to 139.1 in RadialVIBE-4 images
and 31.4 to 146.5 in Radial VIBE-2 images. Aortic SUVmax
ranged from 0.95 to 3.66 in PET-CT, 1.71 to 6.10 in Dixon,
1.34 to 4.44 in RadialVIBE-4 and 1.02 to 3.32 in Radial-
VIBE-2. There was no demonstrable difference in total aor-
tic SUYV, aortic SUVmean or AMA values in each PET-MRI
reconstruction compared to PET-CT values of each measure
(Table 2). Aortic SUVmax measurements were higher in
Dixon and Radial VIBE-4 reconstructions compared to PET-
CT. Lower blood pool activity estimates were observed in
Dixon and Radial VIBE-4 than PET-CT.

Strong correlations in total aortic SUV were detected
between PET-CT and each PET-MRI reconstruction
(PET-CT versus Dixon, R=0.70; PET-CT versus Radial-
VIBE-4, R=0.64; PET-CT versus RadialVIBE-2, R=0.63;
p<0.001 for all). After adjusting for the volume in each
region of interest, PET-CT values remained strongly cor-
related with Dixon (R=0.62, p<0.001) and Radial VIBE-2
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Table 1 Patient characteristics

Characteristic N=30
Age (years) 48.7+5.1
Female sex 927
Body mass index (kg/mz) 284+4.8
Body surface area (m?) 2.04+0.2
Systolic blood pressure (mmHg) 132+15.9
Diastolic blood pressure (mmHg) 79+9
Heart rate (beats/min) 63+12
Medical history
Bicuspid aortic valve 30 (100)
History of cerebrovascular disease 1(3.3)
History of ischaemic heart disease 0(0)
History of hypertension 9 (30)
History of diabetes mellitus 0(0)
History of coarctation of the aorta 3(10)
Smoking status
Smoker 4 (13)
Ex-smoker 4(13)
Never smoked 22 (73)
Medication
Angiotensin-converting enzyme inhibitor 12 (40)
or angiotensin II receptor blocker
Beta-blocker 3(10)
Statin 0(0)
Antiplatelet 2(7)
Aortic valve
Bicuspid aortic valve subtype
Fused
Right-left cusp fusion 19 (63)
Right-non cusp fusion 517
Left-non cusp fusion 0(0)
Indeterminant cusp fusion 0(0)
2-sinus
Latero-lateral 3(10)
Anterior-posterior 3(10)

Partial-fusion 0(0)
Aortic stenosis

None 17 (57)
Mild 9(30)
Moderate 4(13)
Severe 0(0)

Aortic regurgitation
None 20 (67)
Mild 5(17)
Moderate 4(13)
Severe 1(3)

Aorta

Aortic root diameter (mm) 38.2 [6.6]

Ascending aorta diameter (mm) 40.50+4.46

Aortic size index (root) (cm/m?) 19.5+2.62

Aortic size index (ascending) (cm/m?) 20.05+2.79

Mean =+ standard deviation; number (%), median [interquartile range]
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(R=0.60, p<0.001), with a moderate correlation observed
with RadialVIBE-4 (R=0.47, p=0.01). When correcting
for blood pool using AMA, there were moderate correla-
tions between PET-CT and Dixon (R=0.46, p=0.01) or
RadialVIBE-2 (R=0.47, p=0.009) but no demonstrable
correlation between PET-CT and Radial VIBE-4 (R=0.29,
p=0.13). Aortic SUVmax was moderately correlated
between PET-CT and RadialVIBE-2 (R=0.51, p=0.004),
but there was no observed correlation between PET-CT and
Dixon (R=-0.15, p=0.44) or PET-CT and RadialVIBE-4
(R=0.17, p=0.37).

Mean bias between each PET-MRI reconstruction and
PET-CT were generally consistent across each quantifi-
cation method (ranging from 14.6 to 18.0% in total SUV,
12.3-14.5% in SUVmean, 12.3-13.4% in AMA; Fig. 4).
SUVmax measurements yielded higher mean bias between
each PET-MRI reconstruction and PET-CT than SUVmean
based calculations (25.9-39.6%; Fig. 5). Limits of agree-
ment were similarly found to be consistent in total SUV and
SUVmean, with narrower limits of agreement observed in
Radial VIBE-2 in SUVmax and AMA calculations (Figs. 4
and 5).

Radial VIBE-2 demonstrated the strongest and most con-
sistent agreement with PET-CT in AMA, aortic SUVmean,
total aortic SUV and aortic SUVmax in comparison with the
other PET-MRI reconstructions (Figs. 4 and 5, Supplemen-
tary Table 2, Supplementary Fig. 1, Supplementary Fig. 2).
In SUVmean based activity measurements, weaker limits
of agreement were driven by variability observed in blood
pool activity across PET-MRI reconstructions. Radial-
VIBE-4 mean blood pool activity (0.75+0.14) was higher
than both Dixon (0.69+0.12; p=0.02) and Radial VIBE-2
(0.69+£0.11, p=0.02; Table 2).

Discussion

In this study, we have demonstrated that sodium
['®F]fluoride aortic quantification using PET-MRI is fea-
sible, with comparable results to PET-CT and with the mean
aortic standardised uptake values correlating strongly with
each PET-MRI attenuation correction method. However,
there are important differences between the three methods
of PET-MRI attenuation correction and the reference stan-
dard of PET-CT. We have found that a radial GRE technique
with two-tissue segmentation performs most consistently
compared with four-tissue or Dixon attenuation correction
methods.

Attenuation correction in PET-MRI is a considerable
challenge, and there remains a lack of consensus in the opti-
mal method to provide accurate attenuation [19]. Photon
attenuation can result in up to 90% signal reduction [20],
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a. PET-CT

Fig. 2 Thoracic sodium ['®F]fluoride uptake in two coronal planes in
a patient with bicuspid aortic valve. (a) Positron emission tomogra-
phy (PET)-computed tomography (CT) co-registered with magnetic
resonance angiography (MRA), (b) combined Dixon attenuation
correction PET and MRA, (¢) combined RadialVIBE-4 attenuation
correction PET and MRA, and (d) combined RadialVIBE-2 attenu-

leading to potential errors in PET quantification. Indeed,
there is risk of substantial underestimation of PET signal if
inadequate attenuation correction is applied when process-
ing sodium ['®F]fluoride PET images, especially given the
ascending aorta lies beneath the sternum. Improving PET-
MRI attenuation maps that are more aligned with PET-CT
is necessary to ensure it can reach the robustness of this
widely employed modality. Here, we have demonstrated
that PET-MRI attenuation correction can generate images

d. RadialVIBE-2

ation correction PET and MRA. Sodium ['$F]fluoride uptake in each
PET-MRI image demonstrates a similar pattern compared with uptake
in PET-CT. Note the image artefact in Dixon and Radial VIBE-4 at
the bronchial tree and heart-lung and diaphragm-lung border (green
arrows). Colour scale on the right of images represents standardised
uptake values

and standardised uptake values that are comparable to PET-
CT when examining the thoracic aorta.

Prior work has favoured radial GRE over Dixon as com-
parators to PET-CT when quantifying sodium ['®F]fluoride
activity in aortic valve disease [11]. In theory, further tissue
separation could facilitate more specific discrimination in
tissue uptake and improve agreements to PET-CT. How-
ever, we have found that the four-tissue radial GRE does
not improve sodium ['®F]fluoride quantification in the aorta.
Both Dixon and Radial VIBE-4 are affected by extra-cardiac
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Table 2 Sodium ['®F]fluoride uptake and activity in the aorta and blood pool in each positron emission tomography reconstruction

PET reconstruction Total aortic SUV Aortic SUVmean Aortic SUVmax AMA Blood pool
PET-CT 82.7+£27.5 0.92+0.19 1.98+0.68 1.25+0.17 0.75+0.16
Dixon PET-MRI 77.1£25.1 0.91+£0.17 2.54+0.87** 1.35+£0.25 0.69+0.12*
RadialVIBE-4 PET-MRI 79.4+£26.8 0.95+0.19 2.25+0.77*%* 1.27+0.03 0.75+0.14
Radial VIBE-2 PET-MRI 75.2+26.1 0.88+0.16 1.86+0.66 1.28+0.18 0.69+0.11*

Aortic microcalcification activity (AMA) is calculated by dividing the total aortic SUV by its volume, then dividing by the mean blood pool

Results are presented as mean + standard deviation. There was no difference in average total aortic SUV, aortic SUV or AMA amongst modali-
ties. Radial VIBE-4 had higher average blood pool activity than Dixon and Radial VIBE-2. Aortic SUVmax was significantly higher in Dixon

and RadialVIBE-4 compared to Radial VIBE-2.

Statistical comparisons highlighted are of differences observed in SUVmax (compared to Radial VIBE-2) and blood pool (compared to Radial-

VIBE-4). *p <0.05, **p <0.01, ***p < 0.001

PET-CT =positron emission tomography — computed tomography, PET-MR =positron emission tomography — magnetic resonance, SUV-
max = maximum standardised uptake value, SUVmean =mean standardised uptake value, AMA =aortic microcalcification activity, total aortic

SUV =total aortic standardised uptake value

Total SUV =43.2 Total SUV = 35.9

Fig. 3 Representative coronal and axial images of ascending aortic
sodium ['®F]fluoride quantification in positron emission tomogra-
phy (PET) images of a patient with bicuspid aortic valve. (a) PET-
computed tomography (CT) co-registered with magnetic resonance
angiography (MRA). (b) PET-magnetic resonance imaging (MRI)

artefact which alters their qualitative agreement with PET-
CT images and increases the risk of overspill in regions of
interest. These results would therefore support the use of a
two-tissue radial GRE technique for attenuation correction
in PET-MRI in thoracic aortic disease.

In this study, we observed mean biases between 12 and
18% in SUVmean based measurements and over 25% in
SUVmax measurements compared to PET-CT. Further-
more, we found limits of agreement to be in the order of
between 30 and 49% in each SUVmean based reconstruc-
tion. In spite of what appear to be relatively wide limits of
agreement, we found these limits to be consistent across
each PET-MRI reconstruction, with strongest agreements
observed in RadialVIBE-2 attenuation corrected images.
Future work evaluating the diagnostic and prognostic ability
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Dixon RadialVIBE-4 RadialVIBE-2

ol Ay

Total SUV =33.2

Total SUV = 35.5

combined with MRA in each attenuation correction method (Dixon,
RadialVIBE-4 and RadialVIBE-2). Green line represents region of
interest around the ascending aorta. Colour scale on the right of images
represents standardised uptake values. Total SUV =total standardised
uptake value

of PET-MRI in this patient group will allow us to determine
whether these levels of agreement are clinically acceptable.
Moreover, we found no association between aortic valve
mean pressure gradient and sodium ['®F]fluoride uptake in
the ascending aorta. These results are consistent with previ-
ous studies which found severity of bicuspid aortic valve
stenosis was not associated with aortic dilatation status [21].
Prospective study of this patient group is warranted to eval-
uate the clinical importance of PET-MRI detected ascend-
ing aortic microcalcification and its association with disease
progression in patients with bicuspid aortic valve.

Perhaps unexpectedly, increasing the number of tis-
sue classes in radial GRE did not improve the agreement
with PET-CT. There are several reasons why this could be
the case. First, increasing tissue types in radial GRE was
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Fig.4 Levels of agreement are assessed in the three different methods
of measuring aortic sodium ['®F]fluoride uptake. Bland-Altman plots
demonstrate percentage difference in values with mean bias (blue line)
and 95% limits of agreement (red lines) for aortic sodium ["®F]fluoride
activity. The columns represent the PET (positron emission tomogra-
phy) and magnetic resonance imaging (MRI) attenuation correction

associated with artefact detected at the heart-lung border,
lung-diaphragm border and the bronchial tree; a similar pat-
tern seen in Dixon reconstructions. Quantification of sodium
['®F]fluoride activity in the aortic tissue itself was affected
by overspill from the bronchus given its close proximity to
the ascending portion of the aorta. Given no uptake in the
bronchi was detected in PET-CT, the aortic SUVmean mea-
sured in Radial VIBE-4 was considerably less reliable than a
two-tissue segmentation reconstruction. The artefact zones
observed at the heart-lung or lung-diaphragm borders were
less problematic when the total aortic SUV was measured in
isolation given these artefacts were remote from the aortic
region of interest.

Aortic SUVmax in RadialVIBE-2 was the only PET-
MRI reconstruction found to be correlated with PET-CT,

S

12 14
Mean of values

method compared with PET and computed tomography (CT) method.
(a-¢) represent total aortic standardised uptake value (SUV), (d-f)
represent aortic mean standardised uptake (SUVmean), and (g-i) rep-
resent aortic microcalcification activity (AMA). ICC =intraclass cor-
relation coefficient, LOA =limits of agreement

with no discernible relationship with Dixon or Radial-
VIBE-4 using this measure. Visually, the high artefactual
sodium ['®F]fluoride uptake in the bronchial tree appeared
to contribute substantially to the overspill of signal into the
ascending aorta in both Dixon and Radial VIBE-4 attenu-
ation correction methods. Given SUVmax may provide a
valuable marker of nonuniform or focal disease activity,
such artefact has considerable impact on the reliability of
quantitative analysis.

Variability in blood pool measures was a strong deter-
minant of the lack of agreement between PET-CT and both
Dixon and Radial VIBE-4 reconstructions. In this study, the
blood pool was measured using an average of the uptake in
two regions of interest in the left and right atria. This has
been shown to be reliable when utilising AMA in PET-CT
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Fig. 5 Levels of agreement in maximum standardised uptake value
(SUVmax) of aortic sodium ['*F]fluoride uptake. Bland-Altman plots
demonstrates percentage difference in values with mean bias (blue line)
and 95% limits of agreement (red lines) for maximum aortic sodium
['8F]fluoride activity. (a) Dixon positron emission tomography (PET)

in the thoracic and abdominal aorta [15, 16]. There is mini-
mal microcalcification activity in the atria and spares the
risk of overspill from adjacent bony structures (namely the
vertebra) that can be observed when using the superior vena
cava. Increased artefactual sodium ['®F]fluoride uptake as
seen in regions of air-soft tissue interface are likely to have
affected blood pool quantification in reconstructions where
this artefact is apparent.

We should consider the clinical relevance of our work.
The utility of imaging biomarkers for risk stratification
in thoracic aortic disease is of increasing interest to the
international cardiovascular community, and as such, PET
imaging techniques are of substantial scientific and clini-
cal importance. In patients with atherosclerotic cardiovas-
cular disease, we have recently demonstrated that thoracic
aortic microcalcification (quantified in sodium ['®F]fluoride
PET-CT) is associated with atherosclerotic progression
and future ischaemic stroke [22]. Moreover, using sodium
['®F]fluoride PET-CT, aortic microcalcification is associated
with aortic expansion and major adverse aortic events in
patients with acute aortic syndrome [8]. Translating molec-
ular imaging techniques to asymptomatic patients under
aortic surveillance could provide a valuable mechanism
to improve detection of clinical risk. The current standard
of monitoring aortic diameter does not adequately capture
most patients with thoracic aortopathy who go on to expe-
rience major adverse aortic events. In these populations,
over 50% of patients who suffer acute aortic dissection do
so below the aortic diameter threshold that would trigger
prophylactic surgical intervention [2]. Microcalcification
resulting from elastin fibre destruction in the aortic wall
media could prove a promising target for tracking disease
progression. In ex vivo studies, microcalcification in aortic
tissue has been demonstrated to be associated with disease
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- magnetic resonance imaging (MRI) attenuation correction method
compared with PET-computed tomography (CT) method, (b) Radial-
VIBE-4 compared with PET-CT, and (¢) Radial VIBE-2 compared
with PET-CT. ICC =intraclass correlation coefficient, LOA =limits of
agreement, SUVmax = maximum standardised uptake value

severity in aortic aneurysm disease, including in inherited
conditions such as Marfan syndrome [4, 23, 24].

In vivo characterisation of microcalcification in aortopa-
thy using PET-MRI poses several advantages over PET-CT.
PET-MRI is associated with a substantially reduced radia-
tion exposure and superior soft tissue contrast with the capa-
bility of dynamic functional assessments, and so could be a
superior imaging strategy in inherited thoracic aortopathy
where younger patients require serial surveillance examina-
tions and monitoring of concurrent cardiac pathology. It is
therefore of paramount importance to determine if PET-MRI
results are comparable to PET-CT. Throughout our analysis,
we observed similar patterns of sodium ['®F]fluoride uptake
in each paired PET-CT and PET-MRI scans. This would
suggest that PET-MRI could be reassuringly employed in a
surveillance protocol of at-risk patients in place of PET-CT,
thereby considerably reducing lifetime cumulative radiation
dose.

This is the first study to investigate sodium ['*F]fluoride
PET-MRI attenuation correction methods compared to PET-
CT in the thoracic aorta. It is important to acknowledge its
limitations. This is a small study and validation of our find-
ings in a larger cohort study is warranted. We have included
one disease group of bicuspid aortic valve, and we would
welcome comparisons in healthy populations and other aor-
tic disease conditions. As alluded to, comparison between
PET-CT and PET-MRI is imperfect. Utilising the CT
attenuation map to correct PET-MRI could reduce inbuilt
errors of comparison, but this technique requires validation.
Additionally, there is emerging interest in machine learn-
ing methods in PET-MRI attenuation correction, and as such
pseudo-CT attenuation correction map generated from MRI
has the potential to optimise accuracy of PET-MRI quanti-
fication [25].
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Conclusion

Aortic sodium ['*F]fluoride uptake can be feasibly quan-
tified with PET-MRI, with similar results to conventional
PET-CT. A two-tissue radial GRE technique generates
findings that are most consistent with PET-CT and is not
improved by increasing tissue type segmentation. There are
continued issues with air and soft tissue interface artefact
in Dixon and four-tissue radial GRE attenuation correction
methods, which substantially hampers reliable blood pool
activity and maximum standardised uptake value measure-
ment. Further techniques to optimise PET-MRI attenuation
correction are warranted.
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