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Abstract
Purpose—To compare FDG-PET/CT and MRI imaging for evaluating patients with cervical
cancer. We compared tumor characteristics on FDG-PET and apparent diffusion coefficient
(ADC) maps on diffusion-weighted MRI (DWI) to evaluate concordance of two functional
imaging techniques.

Materials and Methods—Twenty women with cervical cancer underwent pre-treatment FDG-
PETCT and pelvic MRI. Images were rigidly fused by pelvic anatomy using co-registration
software. Tumor contours on PET images were generated by auto-segmentation of the region
containing at least 40% of the maximum standardized uptake value. DWI contours were generated
by manual segmentation. Tumor volume similarity was evaluated using the [PET]/[ADC] volume
proportion, Dice’s coefficient, and the mean SUV iso-threshold at the surface of each ADC
contour. Tumor sub-volume similarity was evaluated ANOVA.

Results—The [PET]/[ADC] volume proportion was 0.88 ± 0.14. Dice’s coefficient between PET
and ADC tumor contours was 0.76 ± 0.06. The mean SUV isothreshold at the ADC-delineated
tumor surface was 34 ± 4%. Sub-volumes with increased metabolic activity on FDG-PET also had
more restricted diffusion on DWI (p < 0.0001, ANOVA).
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Conclusion—Concordance of functional imaging is observed between FDG-PET and DWI for
cervical cancer. Tumor sub-volumes with increased metabolic activity on FDG-PET also have
greater cell density by DWI.
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INTRODUCTION
Positron emission tomography (PET) with [18F]fluorodeoxyglucose (FDG) is an established
functional imaging technique for the pre- and posttreatment evaluation of patients with
cervical cancer. In the pretreatment setting, tumor FDG avidity and intratumoral
heterogeneity are associated with poor progression-free survival(1, 2). In the posttreatment
setting, assessment by FDG-PET 3 months after the completion of chemoradiation predicts
the likelihood of durable treatment response(3).

Magnetic resonance imaging (MRI) also is used for the evaluation of cervical cancer. T2-
weighted MRI provides improved tumor delineation for early-stage disease compared to
CT(4), although the tumor volume measured by T2-weighted MRI has not been evaluated
for correlation with the metabolically active volume measured by FDG-PET.(5)

Diffusion-weighted MRI (DWI) is a functional MRI technique that allows characterization
of biological tissues based on their water diffusion properties. DWI-generated maps of
apparent diffusion coefficients (ADCs) have been used to differentiate benign from
malignant cervical tissue(6, 7) and to monitor treatment response of cervical cancer(7, 8).
The ADC is known to correlate inversely with both grade and cellular density on
pathology(9).

The purpose of this study was to compare tumor characteristics assessed by FDG-PET and
by DWI for evaluation of the concordance between these two functional imaging techniques.

MATERIALS AND METHODS
Patients

This analysis included 20 consecutive women treated with definitive radiotherapy for
carcinoma of the cervix between January 2010 and January 2011, subject to the following
inclusion criteria: 1) squamous cell histology, 2) availability of both FDG-PET/CT and DWI
imaging data for analysis. FDG-PET/CT and pelvic MRI were both routinely obtained as
standard of care for the initial evaluation of cervical cancer during the study period. FDG-
PET/CT and DWI imaging were performed before therapy was started. The two imaging
sessions were separated by less than one week for most patients. Clinical stage was
determined according to guidelines of the International Federation of Gynecology and
Obstetrics (FIGO)(10). This retrospective study was approved by the Human Research
Protection Office at our institution and waiver of consent was obtained

FDG-PET tumor segmentation
All patients underwent FDG-PET/CT as part of the initial clinical evaluation, as previously
described.(11) Primary tumor FDG uptake was measured using the standardized uptake
value (SUV)(1). For each pre-treatment FDG-PET study, the tumor SUVmax was calculated
as the maximum pixel SUV within a region of interest encompassing the tumor.(1) FDG
tumor volume was calculated as the volume of all pixels with SUV >40% SUVmax within
the tumor region of interest, as described previously (Figure 1).(12)
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ADC-MRI tumor segmentation
DWI was acquired on one of several Siemens Magnetom™ scanners (Espree, Symphony,
Sonata) using echo-planar imaging in the transverse plane with the following technique
range: Field strength = 1.5 T, TR/TE = (3000-8800 ms)/(85-102 ms), matrix size 128 ×
96-112, slice thickness 4-7 mm, and b-values of 0, 400, and 1000 s/mm2were utilized. ADC
maps were generated from each DWI examination.(13) Malignant cervical tumors are
known to have greater diffusion restriction than uninvolved cervical tissue(6). Tumor
contours were therefore delineated by manual segmentation of each ADC map, guided by
the contrast between the diffusion restricted (dark) tumor and normal tissue. ADC tumor
segmentation in the transverse and sagittal planes is illustrated for one representative patient
in Figure 1.

Tumor volume comparison
PET-determined and ADC-determined tumor volumes were compared using two methods.
MIMVista® software version 5.1 (MIM Software Inc., Cleveland OH) was utilized to
calculate 3-D tumor volumes. First, the FDG and ADC volumes for each patient were
divided to calculate a tumor volume proportion, defined as [FDG volume]/[ADC volume].
Concordance of these volumes was assessed by Dice’s coefficient, a similarity measure for
comparison of two datasets, which is defined as twice the shared volume (intersection)
divided by the sum of each individual volume(14). Dice’s coefficient was calculated to
compare the FDG and ADC tumor volumes; a value of 1 indicates perfect similarity, while a
value of 0 indicates no similarity.

Tumor sub-volume comparison
Tumor sub-volume characteristics were compared between PET-determined and ADC-
determined volumes. Relative FDG avidity and ADC percentiles were used to account for
variability of imaging technique(15, 16). For FDG-PET, tumor sub-volume contours were
created corresponding to FDG-PET activity shells between 40-50, 50-60, 60-70, 70-80,
80-90, and 90-100% of SUVmax. For DWI, the ADC value maps of each tumor were
exported to MATLAB (Version R2008a, The Mathworks Inc., Natick, MA), and a custom
data processing program was used to determine the relative percentile corresponding to each
ADC value using the total ADC range for each tumor. All FDG-PET and ADC-MRI images
were rigidly fused by pelvic anatomy using MIMfusion® fusion software version 5.1 (MIM
Software Inc., Cleveland OH) (Figure 1). Tumor sub-volume characteristics were then
evaluated by comparing the mean ADC percentiles of each FDG-PET activity shell using
analysis of variance (ANOVA). The mean SUV isothreshold (percentage of maximum
SUV) at the surface of each ADC tumor contour was also determined for each patient.

RESULTS
Patient characteristics

The median age of the patient cohort was 47 years (range 35-81). FIGO stages included IB1
(n=5), IB2 (n=4), IIB (n=7), IIIA (n=1), IIIB (n=2), and IVA (n=1). The median tumor
SUVmax was 14.1 (range 6.2-29.4), and the median tumor ADC was 1.09 × 10−3 mm2/s
(range 0.727 − 1.47 [× 10−3 mm2/s]).

Comparison of PET-determined and ADC-determined tumor volumes
The average FDG-PET tumor volume was 39.0 cm3 (range 8.0-145 cm3), and the average
ADC-MRI tumor volume was 43.8 cm3 (range 8.7-158 cc). The mean and standard
deviation of the [FDG]/[ADC] tumor volume proportion was 0.88 ± 0.14. Dice’s similarity
coefficient between FDG and ADC tumor volumes was 0.76 ± 0.06.
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Comparison of PET-determined and ADC-determined tumor sub-volumes
The mean ADC percentiles at the 40-50, 50-60, 60-70, 70-80, 80-90, and 90-100% FDG-
PET activity shells were 74 ± 10, 63 ± 10, 49 ± 8, 40 ± 12, 32 ± 13, and 28 ± 15. Tumor
sub-volumes with increased metabolic activity on FDG-PET also had more restricted
diffusion by DWI (p<0.0001, ANOVA). Figure 2 shows a trace of the ADC percentile
corresponding to each FDG-PET activity shell for each patient, and Figure 3 illustrates the
correlation between the volume encompassing 80% of SUVmax, and the most restricted 20th

percentile of tumor ADC for one sample patient. The mean SUV isothreshold at the ADC-
delineated tumor surface across all patients was 34 ± 4%.

DISCUSSION
FDG-PET allows discrimination of tissues by glucose metabolism based on intracellular
entrapment of phosphorylated FDG, with a greater FDG uptake, as measured by SUV,
observed for tissues with increased metabolic activity (e.g., malignant lesions). DWI allows
tissue characterization based on sensitivity to the molecular motion of water. The degree of
diffusion restriction observed correlates with cellular density for multiple human
malignancies including cervical cancer(9, 17, 18).

We found a correlation between cervical tumor volumes delineated by FDG-PET and DWI.
The tumor volume proportion and Dice’s coefficient we observed both demonstrate similar
tumor delineation for FDG-PET and DWI. The 34 ± 4% SUV isothreshold at the ADC-
delineated tumor surface approximates the 40% isothreshold value observed for gross tumor
delineation both in prior CT imaging and pathologic studies (12, 19). To further evaluate
concordance between PET-determined and ADC-determined tumor volumes, we studied
tumor sub-volumes, and found that tumor sub-volumes with increased FDG avidity also had
more restricted diffusion on DWI. FDG avidity in cancer tissue often is attributed to
increased glycolysis at the cellular level(20, 21). The positive intratumoral correlation
between FDG avidity and restricted diffusion suggests that increased cellular density may
also contribute to intratumoral variability in the the measured SUV. Similar to FDG-PET,
preliminary studies suggest changes in ADC during radiotherapy can also differentiate
responders and nonresponders(8, 9).

Given the retrospective nature of our study, confirmation of our findings in a prospective
trial is required for validation. Additionally, although FDG-PET is known to correlate with
outcome for cervical cancer, greater follow-up of our DWI cohort is required to report
similar outcomes data.

DWI technique was variable among our clinical MRI scanners during the study period, and
imaging technique is known to effect the observed ADC(15, 16). To correct for this
potential confounding factor, relative ADC percentiles rather than absolute ADC values
were used to standardize the comparison of tumor sub-volumes with FDG-PET. Comparison
of ADC percentiles for each FDG isothreshold shell confirmed a positive intratumoral
correlation between FDG avidity and diffusion restriction.

Mean ADC is known to correlate inversely with cellular density on a tumor-wide basis for
cervical cancer (9), although use of a mean tumor ADC metric neglects intratumoral
heterogeneity, which correlates with outcome(2). Our tumor sub-volume analysis accounts
for this variability and could potentially individualize treatment planning by applying ADC
as a patient- and voxel-specific surrogate for cellular density.

In conclusion, Concordance of functional imaging metrics is observed between FDG-PET
and DWI for squamous cell carcinoma of the cervix. Tumor sub-volumes with increased
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metabolic activity on FDG-PET also have more restricted diffusion, indicative of greater cell
density, by DWI.
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Figure 1.
FDG-PET/CT (top) and DWI (bottom) axial (left) and sagittal (right) images fused for one
sample patient. The 40% SUV isothreshold is outlined in green, and the tumor volume
delineated on the ADC map is outlined in blue.
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Figure 2.
The relationship between ADC percentile and SUV isothreshold shell is shown, with lines
connecting the datapoints for each patient. Tumor sub-volumes with greater FDG avidity
also had more restricted diffusion.
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Figure 3.
Example of imaging concordance between FDG-PET and ADC-MRI for one patient on
axial (left), sagittal (center), and coronal (right) sections. The ADC map (blue) and FDG-
PET (green) tumor contours are shown, with overlap observed between the 80% FDG-PET
SUV isothreshold (yellow) and the 20th percentile ADC value (orange), indicative of the
tumor subvolume with the most restricted diffusion, on the ADC map.
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