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Abstract

Objectives

Previous non—simultaneous PET/MR studies have shown heterogeneous results about the
correlation between standardized uptake values (SUVs) and apparent diffusion coefficients
(ADCs). The aim of this study was to investigate correlations in patients with primary and
recurrent tumors using a simultaneous PET/MRI system which could lead to a better under-
standing of tumor biology and might play a role in early response assessment.

Methods

We included 31 patients with histologically confirmed primary (n = 14) or recurrent cervical
cancer (n = 17) who underwent simultaneous whole-body '8F-FDG-PET/MRI comprising
DWI. Image analysis was performed by a radiologist and a nuclear physician who identified
tumor margins and quantified ADC and SUV. Pearson correlations were calculated to inves-
tigate the association between ADC and SUV.

Results

92 lesions were detected. We found a significant inverse correlation between SUV 5, and
ADCin (r=-0.532, p = 0.05) in primary tumors as well as in primary metastases (r =-0.362, p
=0.05) and between SUV ,can and ADC ., (r =-0.403, p = 0.03). In recurrent local tumors we
found correlations for SUV .o and ADC,, (r=-0.747, p = 0.002) and SUVy,ean @and ADCin, (1
=-0.773, p = 0.007). Associations for recurrent metastases were not significant (p>0.05).

Conclusions

Our study demonstrates the feasibility of fast and reliable measurement of SUV and ADC
with simultaneous PET/MRI. In patients with cervical cancer we found significant inverse
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sharing data and materials. Apart from this all other correlations for SUV and ADC which could play a major role for further tumor characteriza-
authors declare no conflict of interest. tion and therapy decisions.

Key Point 1

This study investigates the correlation of functional parameters in a simultaneous PET/
MRI.

Key Point 2

We found significant inverse correlations between ADC and SUV in cervical carcinoma
which could increase knowledge about tumor biology.

Introduction

According to global cancer statistics, cervical carcinoma is one of the most frequent cancers
diagnosed in women [1]. Thorough clinical investigations and a precise initial staging are man-
datory to assess local tumor extension and possible lymph node infiltration. Currently, sophis-
ticated routine clinical imaging to stage cervical cancer patients is primarily performed with
high resolution pelvic magnetic resonance imaging (MRI). According to the European Society
for Medical Oncology (ESMO) guidelines [2], positron emission tomography (PET) is an ade-
quate tool with high sensitivity and specificity to accurately delineate the extent of disease,
especially in lymph nodes that are not macroscopically enlarged and in distant sites. Both PET
and MRI provide functional parameters: standardized uptake value (SUV) for glucose metabo-
lism from PET and apparent diffusion coefficient (ADC) measured with diffusion weighted
imaging (DWI) for Brownian motion of water molecules in MRI. These measurements and the
quantificiation of their correlation could add valuable information about tumor biology, which
may contribute to a more sophisticated tumor characterization and finally could lead to a “tai-
lored” therapy approach by estimating response behavior.

Measurement of SUV is commonly used as a semi-quantitative read-out of '*F-FDG uptake to
supplement visual interpretation of the PET images. For example it is described to be correlated
with histopathological grade, tumor cellularity and proliferative activity in sarcomas [3]. Regarding
cervical cancer correlation with tumor aggressiveness and prognosis is reported in literature [4,5].

Nowadays DWI in MRI serves as a promising tool for the assessment and analysis of cellu-
larity and discrimination of therapy responders in a variety of malignant tumor entities [6,7,8]

Depending on the degree of differentiation, a statistically significant difference between the
ADC:s of well-/moderately differentiated (G1/2) tumors and poorly differentiated (G3) tumors
has been described in previous works [9, 10].

However, there is an ongoing controversy about the correlation of the functional parameters
SUV and ADC. This is as some groups reported an inverse correlation, e.g. in head and neck
squamous cell carcinoma [11]. Other data, e.g. from breast cancer or head and neck cancer
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patients, describe ADC and SUV as independent biomarkers [12,13] in non-simultaneous
imaging environments. For cervical cancer, initial integrated PET/MR imaging results in 19
patients recently published by Grueneisen et al. revealed a significant and strong inverse corre-
lation between SUV and ADC in primary tumors and associated primary lymph node metasta-
ses, but not in recurrent tumor lesions [14].

As compared to PET/CT simultaneous PET/MRI offers a new quality of hybrid cancer
imaging by providing metabolic and high-resolution anatomic imaging with excellent soft tis-
sue contrast. The aim of this study was to analyze a possible correlation of SUVs and ADC val-
ues derived from simultaneous PET/MRI in a larger and as such more representative
population of patients with primary and recurrent tumors of the cervix uteri.

Materials and Methods

This prospective study was approved by the local ethics committee (Ethic Committee of the
Medical Faculty, University of Leipzig, Kidthe—Kollwitz—Street 82, 04109 Leipzig, Germany)
and all patients gave written informed consent.

a) Patients

A total of 31 patients (range: 33-78y, mean * sd: 55+13.7y) with primary (n = 14), or recurrent
(n =17) cervical cancer were examined employing a whole-body PET/MRI protocol over a
time period of two years. Prior to the PET/MRI, all patients underwent a thorough clinical
investigation by an experienced gynecologist. All tumors were histologically classified via
tumor biopsy or intraoperative sampling (squamos cell carcinoma n = 25; adeno carcinomas

n = 4; neuroendocrine tumors n = 2).

b) Whole-body PET/MRI

The simultaneous PET/MRI system (Magnetom Biograph mMR—Biograph, Siemens Health-
care Sector, Erlangen, Germany) used in this study comprises a 3T whole-body scanner and a
PET scanner.

The whole body simultaneous PET/MRI scan was performed from the skull to the upper
thigh with 5 minutes per bed position (head, neck, chest, abdomen, pelvis, upper thighs) with
simultaneous image acquisition. PET images were reconstructed using the iterative ordered
subset expectation maximization algorithm with 3 iterations and 21 subsets, a Gaussian filter
with 4 mm full width at half maximum (FWHM), and a 256 x 256 image matrix. Attenuation
correction of the PET data was performed using a four-tissue (fat, soft tissue, air, background)
model attenuation map which was generated from a Dixon-Vibe MR sequence [15].

Image acquisition started on average 130 minutes after intravenous administration of a
body weight-adapted dose of '*F-FDG (4 MBq/kg, 192-442 MBq, mean+sd: 309+70.32 MBq)
after a fasting period of at least 6 hours.

For whole-body MRI the following especially designed coils for PET/MRI were used: A
spine coil and four body array coils were placed on the patient from the knee to the chest, the
bed positions for head and neck imaging were covered using a dedicated head/neck coil. For
procedural planning gradient-echo (GRE) localizer scans were used. In each PET bed position,
the following four MR sequences were measured consecutively in free breathing (respiratory
triggering was only used for the sequences in the abdominal bed position):

1. T1w 3D GRE (Dixon-VIBE). This obligatory sequence is used for attenuation correction of
the PET images (coronal, TR 3.6 ms, TE 1.23ms, flip angle 10°, 128 slices, Slice thickness
2.6mm, FoV 500 x 500, voxel size 4.1 x 2.6 x 2.6mm, acquisition time 0:19 min/bed position.)
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2. T2w single-shot fast spin echo (HASTE). For delineation of anatomy and gross pathology
(transversal, TR 800 ms, TE 89 ms, flip angle 120°, 40 slices, Slice thickness 4mm, FoV 450 x
450, voxel size 1.8 x 1.4 x 4.0 mm, acquisition time 0:32 min/bed position).

3. Diffusion-weighted echoplanar imaging (EPI-DWI). For detection of restricted diffusion
(monopolar sequence). B-values of 0 and 800 mm/s® were used with diffusion-sensitizing
gradients applied in all three orthogonal directions (transversal, TR 6800 ms, TE 73 ms, 30
slices, Slice thickness 6mm, FoV 450 x 450, voxel size 3.1 x 1.6 x 5.0 mm, acquisition time
1:15 min/bed position).

4. T2w-fat suppressed inversion recovery (TIRM). As current standard in whole-body MR-
based anatomy imaging (coronal, TR 2090 ms, TE 47 ms, flip angle 120°, 40 slices, Slice
thickness 5mm, FoV 500 x 500, voxel size 4.3 x 3.5 x 6.0mm, acquisition time 1:00 min/bed
position).

With the sequences described, a combined simultaneous whole-body PET/MR scan was
realized within an average of 30 minutes examination time. Additionally we performed dedi-
cated high—resolution pelvic MR-sequences to properly evaluate anatomical details and local
tumor spread. However, these sequences were not used for image analysis or quantification of
SUV or ADC.

c) Image Analysis

An experienced radiological (6 years experience in gynaecological imaging) and nuclear medi-
cine reader (7 years experience in oncological image interpretation) analyzed the images using
dedicated viewing software (Syngo.via™; Siemens, Healthcare Sector, Erlangen, Germany).
Lesions with focal uptake greater than the surrounding tissue (based on visual qualitative anal-
ysis) were considered as suspicious for malignancy (Fig 1).

In 22 patients we could indentify multiple tumor-suspicious lesions. However, we only
included tumor lesions, which could be detected in both modalities (SUV/ADC). Lesions that
could only be detected in one imaging modality or were too small for reliable ADC measure-
ments (<5mm) were not explicitely documented, so statements concerning interobserver
agreement cannot be made. Detection of suspicious lymph nodes was mainly conducted via
imaging (MR. PET-CT or PET/MR) according to FDG-uptake, size (>10mm), round shape or
visible necrosis. To determine SUV ., and SUV .., margins of tumor lesions were identified
in MR images (T2 -sequence) and a volume of interest (VOI) was placed in the attenuation
corrected PET dataset around the tumour (SUVmax threshold 40%). Region of interests (ROI)
were then manually placed one each slice in the corresponding ADC map by the radiological
reader (Fig 2). In order to ensure proper positioning of the RO], identification of the tumor
lesion was first conducted in a fused PET/T2w-Haste sequence, defining target lesions with
high FDG uptake. However, analyzing small lesions (<10mm) was conducted via manual
adjustment of polygonal ROIs, as the volume based method could not be applied sufficiently
here. In some cases, however, minor manual adjustments (due to subtle misregistrations
between PET and ADC) needed to be performed to guarantee an optimal ROI placement for
the ADC measurement. As previously described in the literature, the main factors for misalign-
ment in echo-planar imaging sequences are eddy current-induced image distortion and nonlin-
earities of the gradient coils [16].

To investigate a potential correlation between the SUV and ADC values, ADC maps were
generated by the scanner software (syngo.via, Siemens, Erlangen, Germany) using two b—val-
ues (b =0 s/mm?2, b = 800 s/mm?2). The following parameters were defined: ADC,,c., as aver-
age ADC value for all voxels in each analyzed lesion and minimum ADC (ADC,,,;,) as the
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Fig 1. 56-year old female with histology proven recurrent lymph node metastasis of cervical cancer diagnosed 3 years before. Pre-operative
simultaneous "®F-FDG-PET/MRI (A) and T2-weighted MR imaging (B) show a hypermetabolic left paraaortal metastastic lymph node (arrow) with
corresponding diffusion-restriction in DWI (C) and ADC-map (D).

doi:10.1371/journal.pone.0141684.g001

lowest ADC value among all. For PET maximum SUV (SUV,,.;) and mean SUV (SUV can)
were recorded for all tumor lesions.

d) Statistics

Statistical analysis was performed using IBM SPSS 20™ (SPSS Inc., Chicago, IL, USA). Data are
presented as mean +/- standard deviation (SD). Descriptive analysis was used for SUV .y,
SUV mean» ADCryean and ADC,;,, of primary or recurrent tumor tissue and/or lymph nodes/
metastasis separately. To estimate a correlation between ADC and SUV correlation pairs were

—~

Fig 2. Lesion detection and definition of tumor margins (arrow) of primary cervical cancer in fused PET/MRI T2 -HASTE—sequence (A). Manual placement
of a polygonal VOI in attenuation corrected PET images (B). ROl adjustment by manual segmentation on (C) the corresponding MRI ADC—map.

doi:10.1371/journal.pone.0141684.9002
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analyzed using Pearson’s correlation test. According to the classification system provided by
Salkin, r values between 0.8-1.0 represent a very strong correlation, between 0.6 and 0.8 a
strong correlation, between 0.4 and 0.6 a moderate correlation and between 0.2 and 0.4 a weak
correlation. Values between 0.0 and 0.2 are classified as showing a weak or no relationship
[17]. P values < 0.05 were considered as statistically significant.

Results

All 31 patients successfully completed the whole-body PET/MRI examinations without any rel-
evant side effects in an appropriate examination time of 30 minutes on average for whole body
imaging. A total of 92 cancerous lesions were detected by simultaneous PET/MRI: primary
tumors (n = 14), primary metastasis (n = 29 lymph nodes) recurrent tumors (n = 14) or recur-
rent metastasis (n = 35; 34 lymph nodes and 1 liver metastasis). Values for SUV and ADC (see
S1 File) of these lesions are demonstrated in Figs 3 and 4 respectively. For primary tumors,
mean values were 24.8+14.2 for SUV ., and 13.148.7 for SUV ,can, for primary metastasis 13.5
+6.6 for SUV .« and 8.0+4.3 for SUV ,can, for recurrent tumors 17.4+5.7 for SUV ., and 10.0
+3.5 for SUV ,ean and for recurrent metastasis 14.5 + 5.8 for SUV ., and 8.3+3.6 for SUV ,can.
There was a significant difference between SUVmax of primary tumors and SUVmax of recur-
rent tumors (p<0.05) but not between primary and recurrent metastases (p = 0.39).
Assessment of ADC in primary tumors showed values of 0.62+0.17 x 10~> mm/s? for
ADC,;, and 1.0240.14 x 10> mm/s? for ADC,eqn. In primary metastases values amounted to
0.64+0.16 x 10> mm/s? for ADCy;, and 1.22+0.24 x 10~> mm/s? for ADCppean. Analysis of
ADC parameters for recurrent tumors revealed average values of 0.62+0.18 x 10> mm/s? for
ADC,i, and 1.1140.11 x 10~ mm/s? for ADC,,,..,, whereas recurrent metastatic disease showed
values for ADC,;,, 0f 0.68+0.18 x 10> mm/s? and 1.15+0.23 x 10> mm/s? for ADC,,ean. Overall
there was no significant difference between ADC values of primary or recurrent disease.
Correlation analysis revealed a moderate significant inverse correlation in primary tumors
(see Fig 5) for SUV .y versus ADC i, (r = -0.532, p = 0.05). The association between SUV c.y
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Fig 3. Absolute SUV of primary and recurrent cervical cancer/metastasis presented through error
bars.

doi:10.1371/journal.pone.0141684.g003

PLOS ONE | DOI:10.1371/journal.pone.0141684 November 9, 2015 6/14



@’PLOS ‘ ONE

Simultaneous PET/MR Quantification of SUV and ADC in Cervical Cancer

1,44

1,27

1,07

ADC (10x-* mm?/s)

0,87

T
ADCmin
Primary Tumor

T T T T T T
ADCmin ADCmin ADCmean ADCmean ADCmean ADCmean

Recurrent Tumor Primary Metastasis Recurrent Primary Tumor  Recurrent Tumor Primary Metastasis Recurrent
Metastasis Metastasis

Fig 4. Absolute ADC values of primary and recurrent cervical cancer/metastasis presented through error bars.

doi:10.1371/journal.pone.0141684.g004

versus ADCi, (see Fig 5), SUV ean Versus ADCipean and SUV ., versus ADCyeq, missed the
significance threshold and showed weak correlations (r = -0.497, p = 0.07; r =-0.011, p = 0.09;
r=0.077, p = 0.79). Primary metastasis showed weak inverse correlations for SUV ., and
ADC,, (r=-0.362, p = 0.05, see Fig 6) and moderate correlations for SUV ean and ADCyy, (r
=-0.403, p = 0.03, see Fig 6)-no inverse correlations were found for SUV .., versus ADCyean
and SUV .« versus ADCean (r =0.209 p = 0.28; r = 0.224, p = 0.243).

In recurrent local tumor sites we found strong correlations for SUV ., versus ADC i, (r =
-0.747, p = 0.002, see Fig 7) and between SUV ,ean and ADC;, (r = - 0.773, p = 0.001, see Fig
7). Weak, non—significant correlations were found for SUV .., versus ADC o and SUV .,
versus ADCpean (r=-0.391 p = 0.16; r = -0.352 p = 0.22).

In recurrent metastases, SUV ., and SUV .., showed no inverse correlation with ADC;,,
(r=-0.46,p=0.79 and r = + 0.81, p = 0.65, graphs not shown) nor with ADC,.,, (r =0.20
r=0.229p=025p=0.19).
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Fig 5. Correlation analysis of different SUV and ADC in primary tumors.

doi:10.1371/journal.pone.0141684.g005

Discussion

With the recent development of integrated PET/MRI scanners, new possibilities for quantita-
tive molecular imaging have emerged. PET/MRI enables multimodal analysis of simulta-
neously acquired functional parameters which may contribute to a more sophisticated
characterization of tumor biology and may also help to identify markers to predict response to
therapy [18, 19].

r=-0.362; p = 0.05* r=-0.403; p=0.03°
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Fig 6. Correlation of SUV and ADC in primary metastasis.
doi:10.1371/journal.pone.0141684.9006
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Fig 7. Correlation of SUV and ADC in recurrent tumor sites.

doi:10.1371/journal.pone.0141684.9007

Integration of DWI into diagnostic MR was initially used for stroke detection [20]. DWI
hereby provides valuable information about the Brownian motion of water molecules (diffu-
sion). Quantitative ADC values have been demonstrated to be negatively correlated with cellu-
larity, yielding lower ADC values for various malignancies compared to surrounding healthy,
inflammatory or scar tissue [21, 22]. In light of that, quantification and assessment of ADC
might become a valuable tool for tumor delineation, tumor characterization and evaluation of
therapy response [6, 9].

['®F-]FDG uptake correlates with the number of viable tumor cells and the resulting semi-
quantitative read-out parameter SUV serves as a key player in oncologic imaging as it is the
main non-invasive approach to quantify glucose metabolism. In numerous malignancies,
'E-FDG-PET is a useful tool to predict early response to therapy. A normalization of initial
pathological "*F-FDG uptake and a significant SUV-decrease, respectively at an early stage of
therapy is associated with an excellent prognosis and may help to identify patients who might
benefit from de-escalation of antineoplastic therapy e.g. in lymphoma and non-small-lung can-
cer [23,24,25].

Both, ADC derived by DWI and SUV from ['8 F-] FDG PET are described to be useful
parameters for characterization of tumor lesions and for assessments of treatment response
[26]. However, the benefit of using both parameters complementary in the diagnosis of malig-
nant tumors and for response assessment remains unclear.

In our study, individual assessment of ['*F]JFDG SUVs showed significant differences
between primary tumors and primary metastases. Kidd et al. [27] evaluated the prognostic sig-
nificance of SUV ..., in pelvic lymph node metastases in patients with cervical cancer and
found similar results with higher values for primary cervical tumors (average SUV .., = 14) in
comparison to primary pelvic lymph node metastases (average SUV ,,,x = 6.9). Furthermore,
SUV of pelvic lymph node metastases was found to be predictive for treatment response in the
same study as well as pelvic recurrence risk and disease-specific survival in patients with cervi-
cal cancer during a mean follow-up time of 18 months.
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Quantitative analysis of ADC has been performed in several studies for characterization and
treatment response assessment in cervical cancer. Xue et al. [28] concluded that ADC values
are helpful in assessing pathological subtypes and in differentiating cervical cancers by showing
significantly different values for ADC,eq, and ADC,,;, for adenocarcinomas, squamous cell
carcinomas or poorly differentiated tumors. Another uni-modal MRI study dealing with the
value of DWT in diagnosis of lymph node metastasis in patients with cervical cancer [29]
showed a statistically significant difference in ADC,,,c., and ADC,;, between metastatic and
non-metastatic lymph nodes. In our study we could not find significant differences between
ADC values of primary/recurrent tumors compared to primary/recurrent metastases.

Our study demonstrated an inverse correlation between SUVs and ADC values in primary
and recurrent tumors. This main study finding in the largest cohort of cervical cancer patients
so far imaged by integrated PET/MRI is supporting the theory of decreased ADC values which
is indicating increased cellularity [9]. Similar findings [5] show that an increased FDG uptake
also correlates with high cellularity of viable tumor cells and high tissue metabolism. Regarding
the overall correlation of these two distinct parameters, existing literature describes inhomoge-
neous results for non-simultaneous image acquisition with PET/CT and standalone MRI for
assessment of absolute SUV ., /mean @0d ADC i1 /mean Values [30, 13]. However, Ho et al. [30]
demonstrated a significant inverse correlation between the rADC,,,;,, which is the relative ADC
defined by ADC,,in/ADC pyean, and SUV ., in primary cervical cancer with sequential PET/CT
and MR. In a study performed by Nakajo et al. [31], 44 patients with breast cancer received a
preoperative PET/CT and MRI (including DWT) within an average of 17 days between both.
SUV max and ADC (r = -0.486, p = 0.001) were significantly associated with histological grade,
nodal status and vascular invasion. In another study by Mori et al. [32], a total of 104 patients
with malignant pulmonary nodules were examined by PET/CT and MRI within a 2-week
period showing an inverse correlation between SUV ., and ADC,;,. Contrary to these results,
other data for breast tumor patients examined with PET/CT and MRI indicate only a weak,
non-significant inverse association [33]. For head and neck tumors, Varoquaux et al. [13]
described ADC and SUV as independent biomarkers. In contrast to these studies, in our study
SUV and ADC were determined simultaneously with an integrated PET/MRI resulting in
reduced registration artifacts due to an exact image fusion. Recently published data about the
correlation of ADC and SUV in simultaneous PET/MRI imaging show significant inverse cor-
relations between the ADC .., and SUV . in non-small cell lung cancer [34, 35] and an
inverse correlation between SUV .., and ADC,;, in a patient cohort of 19 women suffering
from cervical carcinoma [14]. Compared to the latter study our results indicate almost similar
correlations between the SUV and ADC of patients with cervical carcinomas and FDG-avid
lymph nodes. This was even though ADC quantification is known to be susceptible to physical
alterations depending on the choice of the b-values, which were slightly different in the above
study [14]. Compared to the above-mentioned study of Ho et al. [30], where only the rfSUV
and rADC seemed to correlate inversely, we found a direct inverse correlation of SUV and
ADC. Demonstrating an overall inverse correlation we found the highest correlation coeffi-
cients for SUV .5 vs. ADC i, and SUV ,can vs. ADC,;, for recurrent cervical cancer and
weaker associations for primary cervical tumor sites. These findings might indicate differences
within the genomic profile of primary and recurrent cervical cancer. As described by Martin
etal. [36] and Hagemann et al. [37] genomic profiling and identification of different biomark-
ers are important to understand the pathogenesis of cervical cancer. Hagemann et al. tried to
identify in both, lymph node micrometastases and recurrent cervical tumours up- or downre-
gulated genes involved in several molecular pathways such as angiogenesis, oncogenic path-
ways, DNA repair mechanisms, migration, cell proliferation and apoptosis. The authors
described, that in lymph node micrometastases most genes were downregulated or showed
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expressions equal to the levels found in matched primary cervical cancer. In recurrent cancer,
almost all genes were upregulated at least two-fold compared to the expression profiles of pri-
mary cervical tumours, according to the authors possibly reflecting their aggressive biological
behavior. Only two genes, the proapoptotic gene BAX and the tumour suppressor gene APC
has been found to be consistently downregulated in lymph node metastases and recurrent cer-
vical cancer [37]. Regarding our results, the stronger association of glucose metabolism and cel-
lularity in recurrent cervical cancer compared to primary cervical cancer might also be
influenced by different levels of gene expression in several molecular pathways.

As also described by Vanderhoek et al. [38], different SUV measures (SUVmax, SUVmean
or SUVpeak) assess different tumor characteristics. SUVmax is measuring the tumor region of
most intense metabolism, while SUVmean assesses overall metabolism in the tumor. As tumors
tend to be heterogeneous, average metabolism and also average response to therapy of the entire
tumor might be different from metabolism of one particular subregion within the tumor.

Assessment of tumor characteristics and treatment response using multiple SUV measures
may offer a more complete tumor characterization. Furthermore, a combination of SUV mea-
sures might provide a more detailed tumor characterization.

SUVmean is described to have better reproducibility than SUVmax, which probably gives a
less accurate result since SUVmax is only a single voxel-derived value. Regarding our results,
the demonstrated significant inverse correlation between SUVmax and ADCmin in primary
cervical cancer (without a significant association between SUVmean and ADCmin) might not
be as robust as the significant inverse correlation of both, SUVmax and ADCmin and SUV-
mean and ADCmin in primary metastases.

This study has limitations that may have impacted the results. A direct histopathological or
immunohistochemistry correlation was not performed but possibly would provide even deeper
insights into tumor proliferation and thus the correlation of multifunctional PET/MR parame-
ters. Another limitation is that only lesions were included that could be detected on both
modalities. However, as we wanted to investigate a potential correlation of these parameters in
a simultaneous hybrid system we needed to include only lesion visible in both modalities. Fur-
thermore, due to performance of PET/CT prior to PET/MRI in our patient cohort, the average
uptake time for FDG in PET/MRI is approximately 130 minutes, which could probably influ-
ence SUV measurements.

Conclusion

The current study demonstrates the feasibility of a fast, reliable and simultaneous measurement
of SUV and ADC values in an integrated PET/MRI. We found significant inverse correlations
between SUV and ADC values in patients with primary or recurrent cervical cancer and metas-
tases. The correlation of these parameters may contribute to a more sophisticated characteriza-
tion of tumor biology in cervical cancer.

Supporting Information

S1 File. Datasheet containing Supporting Information for ADC and SUV.
(XLS)

Author Contributions

Conceived and designed the experiments: PB SP PS. Performed the experiments: PB SP KB.
Analyzed the data: PB SP PS. Contributed reagents/materials/analysis tools: PB SP KB MH HB
RK TK OS PS. Wrote the paper: PB SP KB MH HB RK TK OS PS.

PLOS ONE | DOI:10.1371/journal.pone.0141684 November 9, 2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141684.s001

@’PLOS ‘ ONE

Simultaneous PET/MR Quantification of SUV and ADC in Cervical Cancer

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin
2011; 61:69-90. doi: 10.3322/caac.20107 PMID: 21296855

Colombo N, Carinelli S, Colombo A, Marini C, Rollo D, Sessa C. ESMO Guidelines Working Group.
Cervical cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow up. Ann Oncol.
2012; Suppl 7: : vii27-32. PMID: 22997451

Folpe AL, Lyles RH, Sprouse JT, Conrad EU 3rd, Eary JF. (F-18) fluorodeoxyglucose positron emission
tomography as a predictor of pathologic grade and other prognostic variables in bone and soft tissue
sarcoma. Clin Cancer Res. 2000 Apr 6; 4: 1279-1287.

Xue F, Lin LL, Dehdashti F, Miller TR, Siegel BA, Grigsby PW. F-18 fluorodeoxyglucose uptake in pri-
mary cervical cancer as an indicator of prognosis after radiation therapy. Gynecol Oncol 2006; 101:
147-151. PMID: 16263155

Lee YY, Choi CH, Kim CJ, Kang H, Kim TJ, Lee JW, et al. The prognostic significance of the SUVmax
(maximum standardized uptake value for F-18 fluorodeoxyglucose) of the cervical tumor in PET imag-
ing for early cervical cancer: preliminary results. Gynecol Oncol. 2009; 115(1): 65-68. doi: 10.1016/j.
ygyno.2009.06.022 PMID: 19604567

Levy A, Caramella C, Chargari C, Medjhoul A, Rey A, Zareski E, et al. Accuracy of Diffusion-Weighted
Echo-Planar MR Imaging and ADC Mapping in the evaluation of residual Cervical Carcinoma after radi-
ation therapy. Gynecol Oncol. 2011; 123(1): 110-115. doi: 10.1016/j.ygyno.2011.06.009 PMID:
21764110

Horger M, Claussen C, Kramer U, Fenchel M, Lichy M, Kaufmann S. Very early indicators of response
to systemic therapy in lymphoma patients based on alterations in water diffusivity—a preliminary expe-
rience in 20 patients undergoing whole-body diffusion-weighted imaging. Eur J Radiol. 2014; 83(9):
1655-1664. doi: 10.1016/j.ejrad.2014.05.027 PMID: 24972451

Jung SH, Heo SH, Kim JW, Jeong YY, Shin SS, Soung MG, et al. Predicting response to neoadjuvant
chemoradiation therapy in locally advanced rectal cancer: diffusion-weighted 3 Tesla MR imaging. J
Magn Reson Imaging. 2012; 35(1):110-116. doi: 10.1002/jmri.22749 PMID: 21989997

Kuang F, Jing R, Qun Z, Fu L, Yi H, Zigian C. The value of apparent diffusion coefficient in the assess-
ment of cervical cancer. Eur Radiol 2013; 23:1050—-1058. doi: 10.1007/s00330-012-2681-1 PMID:
23179520

Rakheja R, Makis W, Skamene S, Nahal A, Brimo F, Azoulay L, et al. Correlating metabolic activity on
18F-FDG PET/CT with histopathologic characteristics of osseous and soft-tissue sarcomas: a retro-
spective review of 136 patients. AJR Am J Roentgenol. 2012; 198(6): 1409—1416. doi: 10.2214/AJR.
11.7560 PMID: 22623556

Nakajo M, Nakajo M, Kajiya Y, Tani A, Kamiyama T, Yonekura R, et al. FDG PET/CT and diffusion-
weighted imaging of head and neck squamous cell carcinoma: comparison of prognostic significance
between primary tumor standardized uptake value and apparent diffusion coefficient. Clin Nucl Med.
2012; 37(5): 475-480. doi: 10.1097/RLU.0b013e318248524a PMID: 22475897

Choi BB, Kim SH, Kang BJ, Lee JH, Song BJ, Jeong SH, et al. Diffusion weighted imaging and FDG
PET/CT: predicting the prognoses with apparent diffusion coefficient values and maximum standard-
ized uptake values in patients with invasive ductal carcinoma. World J Surg Oncol. 2012; 10: 126. doi:
10.1186/1477-7819-10-126 PMID: 22741544

Varoquaux A, Rager O, Lovblad KO, Masterson K, Dulguerov P, Ratib O, et al. Functional imaging of
head and neck squamous cell carcinoma with diffusion-weighted MRI and FDG PET/CT: quantitative
analysis of ADC and SUV. Eur J Nucl Med Mol Imaging. 2013; 40(6): 842—-852. doi: 10.1007/s00259-
013-2351-9 PMID: 23436068

Grueneisen J, Beiderwellen K, Heusch P, Buderath P, Aktas B, Gratz M, et al. Correlation of standard-
ized uptake value and apparent diffusion coefficient in integrated whole-body PET/MRI of primary and
recurrent cervical cancer. PLoS One. 2014; 9(5): €96751. doi: 10.1371/journal.pone.0096751 PMID:
24804676

Martinez-Méller A, Souvatzoglou M, Delso G, Bundschuh RA, Chefd'hotel C, Ziegler Sl, et al. Tissue
classification as a potential approach for attenuation correction in whole-body PET/MRI: evaluation
with PET/CT data. J Nucl Med. 2009; 50(4): 520-526. doi: 10.2967/jnumed.108.054726 PMID:
19289430

Rakheja R, DeMello L, Chandarana H, Glielmi C, Geppert C, Faul D, et al. Comparison of the accuracy
of PET/CT and PET/MRI spatial registration of multiple metastatic lesions. AJR Am J Roentgenol.
2013; 201(5): 1120-1123. doi: 10.2214/AJR.13.11305 PMID: 24147486

Chung M. Correlation Coefficient. In: Salkin NJ, editor. Encyclopedia of Measurement and Statistics
London: Sage Publications; 2007. pp. 189-201.

PLOS ONE | DOI:10.1371/journal.pone.0141684 November 9, 2015 12/14


http://dx.doi.org/10.3322/caac.20107
http://www.ncbi.nlm.nih.gov/pubmed/21296855
http://www.ncbi.nlm.nih.gov/pubmed/22997451
http://www.ncbi.nlm.nih.gov/pubmed/16263155
http://dx.doi.org/10.1016/j.ygyno.2009.06.022
http://dx.doi.org/10.1016/j.ygyno.2009.06.022
http://www.ncbi.nlm.nih.gov/pubmed/19604567
http://dx.doi.org/10.1016/j.ygyno.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21764110
http://dx.doi.org/10.1016/j.ejrad.2014.05.027
http://www.ncbi.nlm.nih.gov/pubmed/24972451
http://dx.doi.org/10.1002/jmri.22749
http://www.ncbi.nlm.nih.gov/pubmed/21989997
http://dx.doi.org/10.1007/s00330-012-2681-1
http://www.ncbi.nlm.nih.gov/pubmed/23179520
http://dx.doi.org/10.2214/AJR.11.7560
http://dx.doi.org/10.2214/AJR.11.7560
http://www.ncbi.nlm.nih.gov/pubmed/22623556
http://dx.doi.org/10.1097/RLU.0b013e318248524a
http://www.ncbi.nlm.nih.gov/pubmed/22475897
http://dx.doi.org/10.1186/1477-7819-10-126
http://www.ncbi.nlm.nih.gov/pubmed/22741544
http://dx.doi.org/10.1007/s00259-013-2351-9
http://dx.doi.org/10.1007/s00259-013-2351-9
http://www.ncbi.nlm.nih.gov/pubmed/23436068
http://dx.doi.org/10.1371/journal.pone.0096751
http://www.ncbi.nlm.nih.gov/pubmed/24804676
http://dx.doi.org/10.2967/jnumed.108.054726
http://www.ncbi.nlm.nih.gov/pubmed/19289430
http://dx.doi.org/10.2214/AJR.13.11305
http://www.ncbi.nlm.nih.gov/pubmed/24147486

@’PLOS ‘ ONE

Simultaneous PET/MR Quantification of SUV and ADC in Cervical Cancer

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yankeelov TE, Peterson TE, Abramson RG, Izquierdo-Garcia D, Arlinghaus LR, Li X, et al. Simulta-
neous PET-MRI in oncology: a solution looking for a problem? Magn Reson Imaging. 2012; 30(9):
1342-1356. doi: 10.1016/j.mri.2012.06.001 PMID: 22795930

Punwani S, Taylor SA, Saad ZZ, Bainbridge A, Groves A, Daw S, et al. Diffusion-weighted MRI of lym-
phoma: prognostic utility and implications for PET/MRI? Eur J Nucl Med Mol Imaging. 2013; 40(3):
373-385. doi: 10.1007/s00259-012-2293-7 PMID: 23197155

Le Bihan, D. MR Imaging of intravoxel incoherent motions: application to diffusion and perfusion in neu-
rologic disorders. Annual Meeting of the RSNA, Chicago. 1985.

Liu'Y, Liu H, Bai X, Ye Z, Sun H, Bai R, et al. Differentiation of metastatic from non-metastatic lymph
nodes in patients with uterine cervical cancer using diffusion-weighted imaging. Gynecol Oncol. 2011;
122:19-24. doi: 10.1016/j.ygyno.2011.03.023 PMID: 21497384

Kim JK, Kim KA, Park BW, Kim N, Cho KS. Feasibility of diffusion weighted imaging in the differentiation
of metastatic from nonmetastatic lymph nodes: early experience. J Magn Reson Imaging. 2008; 28:
714-719. doi: 10.1002/jmri.21480 PMID: 18777531

Cheson BD, Pfistner B, Juweid ME, Gascoyne RD, Specht L, Horning SJ, et al. International Harmoni-
zation Project on Lymphoma. Revised response criteria for malignant lymphoma. J Clin Oncol. 2007;
25(5): 579-586. PMID: 17242396

Hoekstra CJ, Stroobants SG, Smit EF, Vansteenkiste J, van Tinteren H, Postmus PE, et al. Prognostic
relevance of response evaluation using [18F]-2-fluoro-2-deoxy-D-glucose positron emission tomogra-
phy in patients with locally advanced non-small-cell lung cancer. J Clin Oncol. 2005; 23(33): 8362—
8370. PMID: 16293866

Furth C, Steffen IG, Amthauer H, Ruf J, Misch D, Schénberger S, et al. Early and late therapy response
assessment with [18F]fluorodeoxyglucose positron emission tomography in pediatric Hodgkin's lym-
phoma: analysis of a prospective multicenter trial. J Clin Oncol. 2009; 27(26): 4385-4391. doi: 10.
1200/JC0.2008.19.7814 PMID: 19667276

Pahk K, Rhee S, Cho J, Seo M, Lee S, Park T, et al. The Role of Interim 18F-FDG PET/CT in Predicting
Early Response to Neoadjuvant Chemotherapy in Breast Cancer. Anticancer Res. 2014; 34(8): 4447—
4455. PMID: 25075084

Kidd EA, Siegel BA, Dehdashti F, Grigsby PW. Pelvic Lymph Node F-18 Fluorodeoxyglucose Uptake
as a Prognostic Biomarker in Newly Diagnosed Patients With Locally Advanced Cervical Cancer. Can-
cer. 2010; 116(6): 1469-1475. doi: 10.1002/cncr.24972 PMID: 20108309

Xue H, Ren C, Yang J, Sun Z, Li S, Jin Z, et al. Histogram analysis of apparent diffusion coefficient for
the assessment of local aggressiveness of cervical cancer. Arch Gynecol Obstet. 2014; 290(2): 341—
348. doi: 10.1007/s00404-014-3221-9 PMID: 24687746

Zhang J, Ren C, Xue HD, Zhou HL, Sun ZY, Jin ZY. Value of diffusion-weighted imaging in diagnosis of
lymph node metastasis in patients with cervical cancer. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 2014;
36(1): 73-78. doi: 10.3881/j.issn.1000-503X.2014.01.014 PMID: 24581133

Ho KC, Lin G, Wang JJ, Lai CH, Chang CJ, Yen TC. Correlation of apparent diffusion coefficients mea-
sured by 3T diffusion-weighted MRl and SUV from FDG PET/CT in primary cervical cancer. Eur J Nucl
Med Mol Imaging. 2009; 36(2): 200—208. doi: 10.1007/s00259-008-0936-5 PMID: 18779960

Nakajo M, Kajiya Y, Kaneko T, Kaneko Y, Takasaki T, Tani A, et al. FDG PET/CT and diffusion-
weighted imaging for breast cancer: prognostic value of maximum standardized uptake values and
apparent diffusion coefficient values of the primary lesion. Eur J Nucl Med Mol Imaging. 2010; 37(11):
2011-2020. doi: 10.1007/s00259-010-1529-7 PMID: 20607535

Mori T, Nomori H, lkeda K, Kawanaka K, Shiraishi S, Katahira K, et al. Diffusion-weighted magnetic res-
onance imaging for diagnosing malignant pulmonary nodules/masses: comparison with positron emis-
sion tomography. J Thorac Oncol. 2008; 3(4): 358—-364. doi: 10.1097/JT0O.0b013e318168d9ed PMID:
18379353

Baba S, Isoda T, Maruoka Y, Kitamura Y, Sasaki M, Yoshida T, et al. Diagnostic and Prognostic Value
of Pretreatment SUV in 18F-FDG/PET in Breast Cancer: Comparison with Apparent Diffusion Coeffi-
cient from Diffusion-Weighted MR Imaging. J Nucl Med. 2014; 55(5): 736—742. doi: 10.2967/jnumed.
113.129395 PMID: 24665089

Schmidt H, Brendle C, Schraml C, Martirosian P, Bezrukov |, Hetzel J, et al. Correlation of simulta-
neously acquired diffusion-weighted imaging and 2-deoxy-[18F] fluoro-2-D-glucose positron emission
tomography of pulmonary lesions in a dedicated whole-body magnetic resonance/positron emission
tomography system. Invest Radiol 2013; 48(5): 247—-255. doi: 10.1097/RLI.0b013e31828d56a1 PMID:
23519008

Heusch P, Buchbender C, Kéhler J, Nensa F, Beiderwellen K, Kiihl H, et al. Correlation of the apparent
diffusion coefficient (ADC) with the standardized uptake value (SUV) in hybrid 18F-FDG PET/MRI in

PLOS ONE | DOI:10.1371/journal.pone.0141684 November 9, 2015 13/14


http://dx.doi.org/10.1016/j.mri.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22795930
http://dx.doi.org/10.1007/s00259-012-2293-7
http://www.ncbi.nlm.nih.gov/pubmed/23197155
http://dx.doi.org/10.1016/j.ygyno.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21497384
http://dx.doi.org/10.1002/jmri.21480
http://www.ncbi.nlm.nih.gov/pubmed/18777531
http://www.ncbi.nlm.nih.gov/pubmed/17242396
http://www.ncbi.nlm.nih.gov/pubmed/16293866
http://dx.doi.org/10.1200/JCO.2008.19.7814
http://dx.doi.org/10.1200/JCO.2008.19.7814
http://www.ncbi.nlm.nih.gov/pubmed/19667276
http://www.ncbi.nlm.nih.gov/pubmed/25075084
http://dx.doi.org/10.1002/cncr.24972
http://www.ncbi.nlm.nih.gov/pubmed/20108309
http://dx.doi.org/10.1007/s00404-014-3221-9
http://www.ncbi.nlm.nih.gov/pubmed/24687746
http://dx.doi.org/10.3881/j.issn.1000-503X.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24581133
http://dx.doi.org/10.1007/s00259-008-0936-5
http://www.ncbi.nlm.nih.gov/pubmed/18779960
http://dx.doi.org/10.1007/s00259-010-1529-7
http://www.ncbi.nlm.nih.gov/pubmed/20607535
http://dx.doi.org/10.1097/JTO.0b013e318168d9ed
http://www.ncbi.nlm.nih.gov/pubmed/18379353
http://dx.doi.org/10.2967/jnumed.113.129395
http://dx.doi.org/10.2967/jnumed.113.129395
http://www.ncbi.nlm.nih.gov/pubmed/24665089
http://dx.doi.org/10.1097/RLI.0b013e31828d56a1
http://www.ncbi.nlm.nih.gov/pubmed/23519008

el e
@ : PLOS ‘ ONE Simultaneous PET/MR Quantification of SUV and ADC in Cervical Cancer

non-small cell lung cancer (NSCLC) lesions: initial results. Réfo. 2013; 185(11): 1056—1062. doi: 10.
1055/s-0033-1350110 PMID: 23860802

36. Martin CM, Astbury K, O'Leary JJ. Molecular profiling of cervical neoplasia. Expert Rev Mol Diagn.
2006; 6(2):217-229. PMID: 16512781

37. Hagemann T, Bozanovic T, Hooper S, Ljubic A, Slettenaar VI, Wilson JL, et al. Molecular profiling of
cervical cancer progression. Br J Cancer. 2007; 96(2): 321-328. PMID: 17242701

38. Vanderhoek M, Periman SB, Jeraj R. Impact of different standardized uptake value measures on PET-
based quantification of treatment response. J Nucl Med. 2013; 54(8):1188-1194. doi: 10.2967/jnumed.
112.113332 PMID: 23776199

PLOS ONE | DOI:10.1371/journal.pone.0141684 November 9, 2015 14/14


http://dx.doi.org/10.1055/s-0033-1350110
http://dx.doi.org/10.1055/s-0033-1350110
http://www.ncbi.nlm.nih.gov/pubmed/23860802
http://www.ncbi.nlm.nih.gov/pubmed/16512781
http://www.ncbi.nlm.nih.gov/pubmed/17242701
http://dx.doi.org/10.2967/jnumed.112.113332
http://dx.doi.org/10.2967/jnumed.112.113332
http://www.ncbi.nlm.nih.gov/pubmed/23776199

