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Abstract

Purpose—The purpose of this study was to compare and correlate standardized uptake values
(SUV) derived from magnetic resonance attenuation correction (MRAC) with those derived from
computed tomography attenuation correction (CTAC) in an oncology patient population.

Procedures—The HIPAA-compliant study was approved by the Internal Review Board and all
subjects gave written informed consent prior to inclusion in the study. Forty patients (mean age
61+15.1; 20 male) referred for clinically indicated 2-deoxy-2-[18F]fluoro-D-glucose (FDG)
positron emission tomography/computed tomography (PET/CT) scans also underwent a PET/
magnetic resonance imaging (MRI) examination. MRAC was performed using an automatic three-
segment model. Regions of interest were drawn over eight normal structures in order to obtain
SUVmax and SUVmean values. Spearman rank correlation coefficients (/) were calculated and
two-tailed paired #tests were performed to compare the SUVmax and SUVmean values obtained
from CTAC with those from MRAC.

Results—The mean time after FDG injection was 667 min for PET/CT and 11715 min for
PET/MRI examination. MRAC SUV values were significantly lower than the CTAC SUV values
in mediastinal blood pool (p<0.001 for both SUVmax and SUVmean) and liver (¢=0.01 for
SUVmean). The MRAC SUV values were significantly higher in bone marrow (p<0.001 for both
SUVmax and SUVmean), psoas major muscle (p<0.001 for SUVmax), and left ventricular
myocardium (p<0.001 for SUVmax and p=0.01 for SUVmean). For the other normal structures,
no significant difference was observed. When comparing SUV values generated from CTAC
versus MRAC, high correlations between CTAC and MRAC were observed in myocardium
(r=0.96/ 0.97 for SUVmax/mean), liver (/=0.68 for SUVmax), bone marrow (/=0.80/0.83 for
SUVmax/mean), lung tissue (+=0.70 for SUVmax), and mediastinal blood pool (+=0.0.68/.069 for
SUVmax/mean). Moderate correlations were found in lung tissue (+=0.67 for SUV mean), liver
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(r=0.66 for SUVmean), fat (=0.48/0.53 for SUVmax/mean), psoas major muscle (r=0.54/0.58 for
SUVmax/mean), and iliacus muscle (/=0.41 for SUVmax). Low correlation was found in iliacus
muscle (/=0.32 for SUVmean).

Conclusions—Using the automatic three-segment model, our study showed high correlation for
measurement of SUV values obtained from MRAC compared to those from CTAC, as the
reference standard. Differences observed between MRAC and CTAC derived SUV values may be
attributed to the time-delay between the PET/CT and PET/MRI scans or biologic clearance of
radiotracer. Further studies are required to assess SUV measurements when performing different
MR attenuation correction techniques.
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SUV; PET/CT; PET/MRI; Patient population

Introduction

Dedicated positron emission tomography/magnetic resonance imaging (PET/MRI) continues
to gain interest as a powerful new imaging modality with the potential to combine
molecular, functional, and anatomical information within one examination [1]. Differences
between MRI and computed tomography (CT) that are advantageous in certain applications
include MRI’s better soft tissue contrast, lack of ionizing radiation, and the ability to
perform functional and multi-parametric imaging [2]. Clinical validation of the first
PET/MRI systems are currently underway [3] and preliminary case series have recently been
published including whole-body oncologic imaging [4, 5] and intracranial tumors [6, 7].
Different magnetic resonance (MR)/PET systems are available on the market. The sequential
system used in this study consists of a state of the art PET scanner combined with a high-
field 3-T MRI. Other manufacturers have systems which enable simultaneous PET and MRI
scanning using avalanche photodiodes, instead of photomultiplier tubes, which are located
within the MRI gantry [5].

It has been widely established that attenuation correction is necessary for clinical PET
imaging and, with the widespread availability of combined PET/CT scanners, CT-based
attenuation correction has become the standard approach. Attenuation measurements made
with CT, which uses lower energy photons, are used to map the 511-keV photons of the PET
images [8, 9]. In comparison, attenuation correction in PET/MRI is more challenging than in
PET/CT because signal intensity in MRI depends on the density of hydrogen nuclei, their
local environment, and details of the acquisition sequence, as opposed to properties that
determine photon attenuation such as atomic number and electron density [10]. A variety of
strategies for estimating photon attenuation from MRI data are being considered: (1)
segmentation, where tissues are identified and attenuation coefficients assigned based on
standard reference values, (2) atlas-based, where images are corrected based on a template
data set for which attenuation has been measured, and (3) mapping functions that
mathematically transform MRI signal intensities into linear attenuation coefficients [11, 12].
One method for segmentation, attempts to resolve tissue types by using one or more
specialized MRI sequences such as ultra-short echo time (UTE), intended to resolve air and
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cortical bone, and Dixon, intended to resolve fat and water [13-18]. While these methods
have potential, they have not been fully evaluated for clinical use.

In this study, we evaluated a commercially implemented automatic three-segment model for
MR-based attenuation correction. This method uses a dedicated T1-weighted MRI sequence
followed by an automated image processing technique where the outer contours of the body
and lungs are identified using a region-growing technique with threshold analysis [19]. The
three segments that are assigned attenuation values are: (1) air outside the patient, (2) lungs,
and (3) all other areas of the patient (bone, soft tissue, etc.). Bone is not represented as a
separate segment using this MR attenuation method, which may lead to a certain degree of
error in standardized uptake values (SUV) calculations. Comparisons were made between
SUV derived from MR attenuation correction (MRAC) and CT attenuation correction
(CTAC) in patients referred for clinically indicated 2-deoxy-2-[18F]fluoro-D-glucose (FDG)
PET/CT examinations.

Materials and Methods

Patients

PET/CT

PET/MRI

Between February 2012 and May 2012, 40 patients (mean age 61; range 29-91; 20 males,
20 females) referred for clinically indicated FDG PET/CT scans (Tables 1 and 2) underwent
an additional PET/ MRI examination immediately following their clinical PET/CT (average
time between studies 50 min; range 28-80 min). All investigations were performed in a
university hospital setting as part of an internal review bo-approved and HIPAA-compliant
study. All subjects gave written informed consent prior to undergoing the PET/ MRI scans.

Routine FDG PET/CT was performed with a current-generation, large-bore PET/CT scanner
with time of flight capability (Philips Gemini TF PET/CT, Philips Healthcare, Andover,
MA) [20] according to a standard clinical protocol. Patients fasted for at least 6 h prior to the
study. Following intravenous FDG injection and a period of time for tissue accumulation,
PET images were acquired with approximately eight to nine bed positions at 90-120 s per
position. CT images for attenuation correction were acquired with routine low-dose protocol
(120 kV, 100 mAs, dose modulation, pitch 0.813, slice thickness 5 mm) and without
intravenous contrast. The overall imaging time in this study for a diagnostic PET/CT was
around 20 min.

Following the PET/CT procedure, the PET/MR examination was performed as soon as
practical. FDG PET/MRI was performed with a combined current-generation PET with time
of flight technology and 3.0-T MRI system (Philips Ingenuity TF PET/MR, Philips
Healthcare, Andover, MA) [21]. PET images were acquired with eight to nine bed positions
at approximately 120-150 s per position. MR images were acquired with four bed positions
using an integrated radiofrequency body coil using a multi-station protocol (slab size of 6
cm) with maximum field of view of 46 cm. No MR contrast agents were used in any of the
patients. The PET/MRI protocol was based on manufacturer instructions and institutional
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protocols. A free-breathing, 3D T1-weighted spoiled gradient echo sequence (TE 2.3 ms, TR
4 ms, 2° flip angle) was acquired. Attenuation correction was performed using a three-
segment, atlas-based method [19] implemented in FDA-cleared software provided by the
scanner manufacturer. The overall imaging time in this study for a diagnostic PET/MRI was
around 30 min.

Image Analysis

Image analysis was performed using commercially available software (MIM Version 5.2,
MIM Software Inc., Cleveland, OH). SUV measurements within normal tissue of different
organs were compared between the PET images obtained using CTAC and MRAC. The
measurements obtained were maximum SUV (SUVmax) and mean SUV (SUVmean) where
SUVs were normalized by total body weight. Regions of interest (ROI) were drawn in the
mediastinal blood pool (MBP; 1.2 cm ROI within right atrium), liver (3.0 cm ROI within
right lobe) (see Fig. 1 as a representative instance), bone marrow (1.2 cm ROI centered on
L4 vertebral body), psoas major muscle (1.2 cm ROI within left psoas major muscle at the
level of the iliac crest), left ventricular myocardium (1.2 cm ROI within the mid left
ventricular wall), iliacus muscle (1.2 cm ROI within the right iliacus muscle where it
initially comes into contact with the psoas major muscle), lung (1.2 cm ROI within the right
lung at the level of the hilum), fat (1.2 cm ROI within the right gluteal subcutaneous fat).
Care was taken to measure the same region on both PET studies. The sizes of the ROIs were
based roughly on the PET Response Criteria in Solid Tumors (PERCIST) criteria, which
defines the background FDG activity through a 3-cm diameter spherical ROI in the right
hepatic lobe [22]. ROIs in the other organs were defined to be 1.2 cm in order to produce a 1
cm3-volume spherical ROI, based on the proposed size criteria for measuring pathologic
lesions.

Statistical Analysis

Results

The mean and standard deviation of the difference between SUV values for the CTAC and
MRAC images were calculated. Spearman rank correlation coefficients were calculated
between the CTAC and MRAC SUV values. Interpretation of the Spearman rank correlation
coefficients were performed according to previously published criteria: A value<0.35
represents a weak correlation; a value between 0.36 and 0.67 represents a moderate
correlation; and a value between 0.68 and 1.0 represents a high correlation, where a value of
>0.90 represents a very high correlation [23]. Two-tailed paired ¢tests were performed to
look for significant differences between the CTAC and MRAC SUV values.

Patients and Measurement Parameters

All patients tolerated the PET/CT and PET/MRI procedures without noting any unusual
discomfort. The baseline characteristics along with the clinical indications for PET/ CT and
PET/MRI respectively are listed in Tables 1 and 2. The mean injected FDG dose was
12.0+1.8 mCi (range 9.1-15.0 mCi). Mean time after FDG injection performing PET/ CT
was 667 min (range 57-87 min). Mean time after FDG injection for PET/MRI
investigation was 117+15 min (range 93-159 min). The mean time between start of PET/CT
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and PET/MRI was 50+12 min (range 28-80 min). No significant artifacts were encountered
on either the PET/CT or PET/ MRI acquisitions. The automated three-segment model for
MR attenuation correction purposes was applied without technical difficulties.

SUV values in CTAC and MRAC

One representative example for ROI placement in the liver, including the corresponding
CTAC and MRAC images, is demonstrated in Fig. 1. The mean and standard deviation of the
differences between SUV values obtained on the CTAC and MRAC images were calculated
(Table 3). The mean and standard deviation of the SUVmax and SUVmean values obtained
for each of the eight regions from the CTAC and MRAC images are depicted in Fig. 2.
Statistical analysis indicated that MRAC SUV values were significantly lower than the
CTAC SUV values in mediastinal blood pool (SUVmax and SUVmean) and liver
(SUVmean). The MRAC SUV values were significantly higher than the CTAC SUV values
in bone marrow (SUVmax and SUVmean), psoas major muscle (SUVmax), and left
ventricular myocardium (SUVmax and SUVmean). Lung, iliacus muscle, and fat showed no
significant difference in SUV values between the CTAC and MRAC images.

Correlation Analysis Between CTAC and MRAC SUV Values

The correlation coefficients of the organ tissues are listed in Table 3. Scatterplots showing
the correlation between SUVmax and SUVmean values of CTAC and MRAC can be found
in Figs. 3 and 4, respectively. Very high correlation was seen in left ventricular myocardium
(SUVmax/mean). High correlation was seen in bone marrow (SUVmax/mean), lung tissue
(SUVmax), mediastinal blood pool (SUVmax/mean), and liver (SUVmax). Moderate
correlation was seen in lung tissue (SUVmean), fat (SUVmax/mean), psoas major muscle
(SUVmax/mean), iliacus muscle (SUVmax), and liver (SUVmean). Low correlation was
seen in iliacus muscle (SUVmean).

Discussion

The aim of this prospective study was to determine if the SUV values in normal tissue
obtained from MRAC are comparable to those in CTAC. A commercially implemented
automated three-segment model was used for MRAC as mentioned above. This technique
uses an automated method for creating MR attenuation maps out of the image data. A
dedicated T1-weighted sequence is used in order to have a short acquisition time and to
simplify the segmentation step [19].

Previous research has revealed SUV reproducibility difficulties when evaluating FDG
PET/CT studies at different sites with different scanners, where differences of up to 30 %
have been detected in phantom models [24]. The PET Core Laboratory of the American
College of Radiology Imaging Network emphasized the low accuracy of SUV
measurements, and advised careful use of SUV for quantification in patients [25]. However,
other groups have shown high reproducibility of SUVmean and SUVmax in malignant
tumors when performing repeated measurements with the same scanner [26]. When
introducing the PERCIST Criteria, Wahl et al. mentioned the pivotal role of using scanners,
which are calibrated and maintained well, including the caveat that all patient PET

Mol Imaging Biol. Author manuscript; available in PMC 2016 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kershah et al.

Page 6

examinations should be conducted on similar scanners [22]. Considering these publications,
it was an important prerequisite for us to acquire data on scanners with the same technology,
thus limiting bias due to PET scanners. To achieve this, we used a PET/CT scanner (Philips
Gemini TF PET/CT, Philips Healthcare, Andover, MA) [20] and a PET/ MRI scanner
(Philips Ingenuity TF PET/MR, Philips Healthcare, Andover, MA) [21] that both use the
same PET technology. To the authors’ knowledge, this is one of the first patient studies
which compare PET/CT and PET/MRI using current generation PET with time of flight
technology.

Another aspect of our prospective study design is the relatively short delay, approximately
50 min, between the beginning of the PET/CT and start of PET/MRI, which is comparable
to a recently published study by Drzezga, et al. [5]. Average time between injection and
PET/CT was 66 min versus 86 min; and average time between injection and PET/MRI was
117 min versus 140 min when comparing the authors’ study to the this same study. This
study revealed that a long time span may lead to a drop in SUV values within normal tissue
and within lesions [5]. In our experience, it was challenging from a logistical point of view
to further reduce the delay between injection and PET/ MRI data acquisition.

The reason for different correlation coefficients in the various normal tissues may be
partially explained by the applied attenuation correction techniques [27-29]. A possible
reason for the lower correlation of CTAC versus MRAC in the iliacus muscle and the higher
correlation in the psoas major muscle is based on the difficulties with bone attenuation
correction using MRI. Since the iliacus muscle ROI is located deep within the pelvis and
immediately adjacent to the iliac bone, the iliacus muscle was expected to show greater
photon attenuation than the psoas major muscle measurement which was performed at the
level of the iliac crests, and has much less surrounding bone. This would be accurately
corrected for using CTAC, but the MRAC technique used in the study does not separate bone
and soft tissue when making the attenuation correction. The three-segment MRAC model for
whole-body PET/MR used in the study distinguishes between air (external to the patient),
soft tissue and lung. Distinguishing cortical bone as a separate segment has been shown to
be important for accurate and reliable MR attenuation correction [17, 18, 27].

The lung revealed moderate correlation between MRAC and CTAC SUVmean values and
high correlation between SUVmax values. A recent study also showed moderate correlation
between SUVmean measurements in lung made using PET/CT and PET/MRI [5]. In the
three-segment model, the lung is distinguished as a uniform segment [19]. In reality, the
lung is composed of areas with different amounts of air, fluid, and soft tissue. Therefore,
attenuation correction should ideally be made on an individual voxel-by-voxel basis, taking
into consideration the varying tissue types [30]. One approach to improve attenuation
correction in the lung is utilizing a Dixon acquisition, which distinguishes water and fat [15].
In a recently published study, the Dixon-based MRAC method showed comparable anatomic
localization and SUV values when compared with conventional PET/CT [31]. In order to
help distinguish air and cortical bone, a recently published study used the combination of
UTE and Dixon to create a four-class tissue segmentation model, which led to results similar
to those obtained from CT attenuation corrections [18].
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No significant difference was seen between MRAC and CTAC SUV values in lung and fat,
possibly due to the low metabolic activity of both tissue types. The study by Chin et al.
showed SUVmean values within gluteal fat decreased over time [32]. The study by Chin et
al., showed no change in lung uptake over time [32], while the Cheng et al. study showed
decreased lung uptake over time [33]. A study by Drzezga et al. showed SUVmean values in
lung lower with PET/MRI than with PET/CT [5].

Within the left ventricular myocardium, CTAC SUV values were lower than MRAC SUV
values. This difference may be due to physiologic increased uptake over time, which was
demonstrated in a prior study [33]. In the mediastinal blood pool, MRAC SUV values were
significantly lower than the CTAC SUV values. This decrease can be attributed to the fact
that the PET/MRI was acquired approximately 50 min after the PET/CT and clearance of
blood pool activity had occurred. Prior studies have shown that blood pool SUV values
decrease over time on PET/CT [32, 33].

When evaluating the bone marrow, the MRAC SUV values were significantly higher than
the values in CTAC. This can be explained by the fact that bone marrow is a metabolically
active organ containing precursor and mature cells of the different hematological cell lines.
Prior studies have shown that bone marrow SUV values increase over time [32, 33].
However, a prior study by Drzezga et al.[5] showed SUVmean values within bone decreased
between PET/CT and PET/MR acquisition [5].

Our study demonstrated lower SUVmax values in the psoas major muscle on CTAC images
compared to MRAC images. SUVmean values in the psoas major muscle and SUVmax/
mean values in the iliacus muscles were not significantly different. In one prior study,
SUVmean within the psoas major muscle increased between 1 and 3 h [32]. In two other
studies, SUV values in muscle decreased over time [5, 33]. SUVmean values in the liver
were lower on the MRAC images in the authors’ study and SUVmax values in the liver were
unchanged. SUV values within the liver decreased in two other studies [5, 33] and were
unchanged over time in a third study [32]. These findings make it difficult to determine if the
SUV differences between the CTAC and MRAC images in the authors’ study are related to
physiologic changes or differences in attenuation correction.

Our prospective PET/MRI study has some limitations. First, PET/MR was acquired after the
PET/CT due to ethical concerns. This should be taken into account when comparing SUV
values from CTAC with those of MRAC. In particular, it is difficult to determine whether
differences in SUVs between MRAC and CTAC images are physiologic or based on
differences in the attenuation correction technique. In the current study, some MRAC values
were higher, some were lower, and others remained unchanged in comparison to CTAC.
These observations suggest that some of the differences in measured SUV measurements
may be physiologic, as opposed to a systematic error where all values were either higher or
lower on the MRAC-derived data.

Second, we used the previously described three-segment MR attenuation correction model
for whole-body PET/MR [19]. Previous studies simulating the digital 4D extended cardiac-
torso (XCAT) phantom by applying the Geant4 Application for Tomographic Emission
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(GATE) Monte Carlo framework and a model of the Philips Gemini TF came to the
conclusion that at least five segments should be taken into account for PET/MR attenuation
maps: lung, air, soft tissue, cortical, and spongeous bone [27]. Future studies, using
combined UTE and Dixon sequences may be helpful in this regard.

Third, FDG uptake in the body is influenced by a variety of factors in the individual patient,
including, but not limited to, blood glucose level, body temperature, muscle activity, body
weight, and insulin level. These parameters were not controlled in our investigation. But it
should be considered that in every day clinical practice, these individual factors are accepted
as routine variables regarding FDG uptake.

Conclusions

PET/MRI is a new and promising imaging modality. SUV measurements made with
PET/CT are clinically useful. Validation of SUV values obtained from MRAC against those
from the reference standard CTAC provides evidence that PET/ MRI may also be helpful in
clinical decision-making. The commercially implemented automatic three-segment model
for MR-based attenuation correction used in this study revealed very high correlation in left
ventricular myocardium (SUVmax/mean). High correlation was seen in bone marrow
(SUVmax/mean), lung tissue (SUVmax), mediastinal blood pool (SUVmax/mean), and liver
(SUVmax). Moderate correlation was seen in lung tissue (SUVmean), fat (SUVmax/mean),
psoas major muscle (SUVmax/mean), iliacus muscle (SUVmax), and liver (SUVmean). Low
correlation was seen in iliacus muscle (SUVmean). Most of the difference may be attributed
to the time-delay between PET/CT and PET/MRI data collection. Research is on-going
regarding new methods for MR-based attenuation correction and further studies will be
necessary to validate and demonstrate reliability of SUVs in clinical settings.
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Fig. 1.

Sample region of interest (ROI). Representative images of CTAC (above) and MRAC
(below) with demonstrative ROI drawn over the liver.
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Mean CTAC and MRAC SUV values are depicted for SUVmax (panel a) and SUVmean
(panel b) in the various organs. Whiskers depict + one standard deviation.
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Fig. 3.
Scatterplots as a visualization of correlation demonstrating SUVmax values in the different
normal structures on the CTAC and MRAC images.
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Fig. 4.
Scatterplots as a visualization of correlation demonstrating SUVmean values in the different
normal structures on the CTAC and MRAC images.
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Table 1

Summary of patient baseline characteristics

Age in years, mean£SD (range)  60.6+15.1 (29-91)
Gender, % (r)

Male 50 (20)
Female 50 (20)
Clinical indication, % (1)

Breast cancer 5.0 (2)
Colorectal cancer 75(3)
Esophogeal cancer 25(1)
H&N cancer 15.0 (6)
Lung cancer 27.5(11)
Lung nodule 25(1)
Melanoma 10.0 (4)
NHL 25.0 (10)
Pancreatic cancer 25(1)
Vaginal cancer 25(1)

NHL non Hodgkin lymphoma, H&N\ head and neck
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