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Abstract
Background: To explore quantitative metabolic and microstructural primary tumour
parameters at pretreatment FDG-PET/CT and diffusion-weighted-magnetic resonance
imaging (DW-MRI) in relation to clinical FIGO stage and outcome in uterine cervical
cancer patients.
Methods: Fifty three patients with histopathologically verified cervical carcinoma
with clinical FIGO stage IB1-IVA were subjected to FDG-PET/CT and subgroup also
DW-MRI (n = 30) prior to treatment. Measurements from the FDG-PET/CT comprised
lesion maximum-standardised uptake value (SUVmax), total lesion glycolysis (TLG) and
metabolic tumour volume (MTV). In MR images longest-tumour-diameter (MRI-LD),
tumour volume (MRI-TV) and mean tumour apparent-diffusion-coefficient (ADCmean)
value were measured. FDG-PET/CT parameters were explored in relation to clinical
prognostic factors at diagnosis and progression/recurrence free survival, and
compared with the MRI parameters.
Results: The metabolic tumour parameters TLG and MTV were highly positively
correlated to MRI-LD and MRI-TV (rs = 072–0.82; p < 0.001 for all), whereas tumour
SUVmax was only moderately correlated to MRI-LD (rs = 0.29; p ≤ 0.04) and MRI-TV
(rs = 0.36; p ≤ 0.01). High tumour TLG, MTV, MRI-LD and MRI-TV predicted advanced
FIGO stage, whereas high tumour SUVmax did not. No significant correlations were
observed between tumour ADCmean and the other imaging parameters or FIGO stage.
High primary tumour MTV (≥56.7 mL), high TLG (≥412 g) and large MRI-TV (≥36 mL)
predicted reduced progression/recurrence free survival yielding corresponding hazard
ratios [HR] of 7.8 (P = 0.002), 6.9 (P = 0.004) and 4.6 (P = 0.022), respectively. Also
advanced FIGO stage (≥IIIA) was associated with reduced progression/recurrence free
survival with HR of 6.9 (P = 0.004). In multivariable analysis, advanced FIGO stage (≥IIIA)
and high MTV (≥56.7 mL) were independent prognostic factors with adjusted HRs of
5.5 (P = 0.020) and 7.8 (P = 0.025), respectively.
Conclusion: High MTV at pre-treatment FDG-PET/CT and high clinical FIGO stage
independently predict reduced progression/recurrence free survival in cervical
cancer patients.
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Background
Cervical cancer is one of the most frequently occurring gynaecologic malignancies and the
third most common cause of death among patients with gynaecologic cancers in the
United States (Howlader et al., 2011). Cervical cancer has until recently been clinically
staged according to the International Federation of Gynaecology and Obstetrics (FIGO)
classification system (Benedet et al., 2000). Very recently (2017), the European Society of
Gynaecological Oncology (ESGO) in collaboration with the European Society for Radiotherapy and Oncology (ESTRO) and the European Society of Pathology (ESP) introduced
new guidelines on the management of invasive cervical cancer according to TNM staging
(Cibula et al., 2017). However, clinical FIGO stage should still be reported in addition to
TNM staging. Diagnostic imaging with pelvic magnetic resonance imaging (MRI) and
fluorodeoxyglucose (FDG)-positron emission tomography/computed tomography (PET/
CT) is increasingly performed pretherapeutically for assessment of local tumour extent,
lymph node metastases, and distant spread. Furthermore, pretreatment FDG-PET/CT
yields several metabolic tumour parameters, which may aid in the prediction of lymph
node metastases, advanced stages, and poor outcome in cervical cancer (Mirpour et al.,
2013; RSM et al., 2016; Lv et al., 2014; Sironi et al., 2006; Choi et al., 2006). However, the
added clinical value of these imaging biomarkers for cervical cancer and how these markers
may be integrated into biomarker-guided treatment algorithms are largely unknown.
Diffusion-weighted MRI (DW-MRI) depicts microstructural properties of the tissue,
and low apparent diffusion coefficient (ADC) values indicate the restriction of extracellular water mobility, which is typically observed in highly dense tissues (e.g. tumours
and metastatic lymph nodes) and in highly fibrotic tissues (Le Bihan, 2013). Low
tumour ADC value in cervical cancer is reportedly associated with high FIGO stage,
large tumour size, and lymph node metastasis and is a poor prognostic factor (McVeigh
et al., 2008; Nakamura et al., 2012; Miccò et al., 2014; Bollineni et al., 2015). The association between microstructural alterations depicted by DW-MRI and metabolic tumour
changes observed on PET/CT is largely unknown. Furthermore, the most robust imaging biomarker with which to accurately define pretreatment tumour extent and for
prognostication in cervical cancer patients is yet to be identified.
This study explored the relationship of quantitative metabolic and microstructural
primary tumour parameters determined from pretreatment FDG-PET/CT and
DW-MRI with clinical FIGO stages and outcomes in cervical cancer patients. Additionally, this study explored the correlations between primary tumour parameters derived
from FDG-PET/CT and DW-MRI.

Methods
Patients

This study was conducted according to institutional review board-approved protocols,
and informed consent was obtained from all patients. The recruited study patients diagnosed as having cervical cancer were all treated at the same university hospital, a
European Society for Gynaecologic Oncology-accredited training centre for gynaecologic oncology that serves a population of approximately 1 million. The medical records
of all patients diagnosed as having cervical cancer from October 2010 to December
2014 at the hospital were reviewed retrospectively to identify patients who had

Page 2 of 14

Bollineni et al. European Journal of Hybrid Imaging (2018) 2:24

Page 3 of 14

undergone pretreatment FDG-PET/CT (n = 53). Among them, a subgroup of 51 patients
had also routinely undergone pelvic MRI, which included DW-MRI in 30/51 patients.
The 53 patients who constituted the entire study sample had a median age of 50 years and
were diagnosed as having clinical FIGO stage IB1–IVA cervical cancer (Table 1). Patient
workup included the complete blood count, physical and gynaecological examinations,
tests at baseline, and histological tumour biopsy confirming the diagnosis. Follow-up data
on tumour progression/recurrence were collected from patient records. Progression-free
survival was defined as the duration from the start of first-line treatment to progression of
the disease (based on imaging findings), and recurrence-free survival was defined as the
duration from the start of first-line treatment to the date of first detected recurrence (local
or distant). The last date of follow-up was February 2016, and the mean (range) follow-up
period for survivors was 25 months (range, 6–52 months).

FDG-PET/CT

FDG-PET/CT scans were obtained at the Department of Nuclear Medicine and
Molecular imaging of the University Hospital Bergen on a Siemens mCT machine
(Biograph 40 True Point scanner) according to the guidelines of the European
Table 1 Patient demographics and clinico-pathological characteristics
Patient demographics and histopathological findings
Variable

Number of patients (%)

Total patients

53

Median age (range)

50 (26–84)

FIGO stage
IB1

7 (13)

IB2

5 (9)

IIA1

1 (2)

IIA2

2 (4)

IIB

21 (39)

IIIA

1 (2)

IIIB

13 (24)

IV

1 (2)

IVA

1 (2)

Histology
SCC

42 (80)

AC

7 (13)

Other

4 (7)

Progression/recurrence
Yes

13 (24)

No

40 (76)

Alive
Without evidence of disease

35 (66)

With evidence of disease

10 (19)

Death from disease

8 (15)

Abbreviations: FIGO International Federation of Gynaecology and obstetrics, SCC Squamous cell carcinoma,
AC Adenocarcinoma
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Association of Nuclear Medicine (Boellaard et al., 2015).Measurement of blood glucose
level with finger-stick before tracer injection to confirm an acceptable blood sugar level
(< 11 mmol/l) after an overnight fast of minimum 6 h. (Lai et al., 2017)F-FDG (3 MBq/
kg bodyweight) was given intravenously 60–120 min (during which the patients rested
in a semi dark, temperate room) before the PET/CT scan covering the skull to the
proximal thigh. The PET data were reconstructed with high definition, ordered-subsets
expectation maximization using 3 iterations, 21 subsets and 8-mm Gaussian post processing filter and had a spatial resolution of 2.04 × 2.04 × 2 mm3.
MRI

Pelvic MRI was performed at six different hospitals in Western Norway as part of routine
diagnostic work-up. The MR scanners were from different manufacturers, but all on 1.5
Tesla scanners. The employed imaging protocols and the scanning parameters varied between centres and scanners, but all were dedicated pelvic protocols and were largely in accordance with European Society of Urogenital Radiology (ESUR) guidelines for staging of
uterine cancer with MRI (Balleyguier et al., 2011). The DWI-MRI consisted of low b-value
images (b-values in the range of 0 to 50 s/mm2) and high b-value images (b-values in the
range of 800 to 1000 s/mm2). Slice thickness of ADC maps ranged from 3 mm to 8 mm.
The median time interval between FDG-PET/CT and MRI scanning in patients having
undergone both examinations (n = 30) was 14 days (range 0–55 days).
Image analysis
FDG-PET/CT

The FDG-PET/CT parameters were determined by delineating the volume of interest
comprising the entire tumour volume using MIM® (MIM, USA), a computer-based
workstation for the visualisation, quantification, and analysis of PET/CT images. The
following quantitative parameters were recorded: (1) the highest standardised uptake
value (SUV) within the tumour volume of interest (SUVmax); (2) the mean SUV within
the tumour volume of interest (SUVmean); (3) the metabolic tumour volume (MTV),
which is defined as the volume of the tumour with high glycolytic activity; and (4) total
lesion glycolysis (TLG), which is defined as the product of SUVmean and MTV.
MTV was calculated as the volume of hypermetabolic FDG tumour uptake, by using
a gradient technique from commercially available software (PET Edge-MIM Vista software, Inc., Cleveland, Ohio). Whereas the SUVmax is the maximum derived ratio of
the image derived radioactivity concentration and the whole body concentration of the
injected radioactivity.
MRI

Tumour size was measured on T2-weighted MRI images in the parasagittal and
para-axial planes (relative to the long axis of the cervix). Maximum tumour diameters
were measured in three orthogonal planes: anteroposterior (AP), transverse (TV), and
craniocaudal (CC). The largest diameter on MRI (MRI-LD) was recorded as the largest
of the three tumour diameters. Tumour volume on MRI (MRI-TV) was estimated
using the following equation: Tumour volume = AP diameter × TV diameter × CC
diameter/2. Tumour ADC values were measured as the ADCmean within a region of
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interest (ROI), which was manually drawn on the ADC map depicting the largest
cross-sectional tumour diameter. The ROI (mean area 225 mm2) comprised a representative part of the tumour while avoiding the tumour tissue in closest proximity to adjacent normal tissue (so as to prevent normal tissues from being falsely included) and
excluding necrotic or haemorrhagic areas, if present.
Statistical analysis

Continuous imaging parameters derived from PET/CT (SUVmax, TLG, MTV) and MRI
(longest lesion diameter, tumour volume and ADCmean) were reported as median
values. Correlations between variables were calculated with Spearman correlation coefficient. Cox regression modelling was used to investigate associations between imaging
markers and outcome. Survival curves were generated using the Kaplan-Meier method,
and these were compared using log-rank test. Receiver-operating characteristic (ROC)
curves for the prediction of progression/recurrence were used to define optimal cutoff
values (based on Youden’s index) for SUVmax, MTV, TLG, lesion size and tumour volume. All analyses were performed using SPSS software version 22.0 for Windows (IBM
Corporation, Armonk, NY, USA).

Results
Patient characteristics

A total of 53 patients were enrolled in this study, and their median age was 50 years
(Table 1). The majority of the patients had FIGO stage IIB (39%), followed by IIIB
(24%), and 80% had squamous cell carcinoma. As per the standard of care at our institution, patients received surgery and/or chemoradiotherapy (CRT)/chemotherapy.
Altogether, 18 patients (34%) underwent radical hysterectomy; of these patients, 14
subsequently underwent postoperative CRT, whereas the remaining four patients received no adjuvant therapy. Twenty-six patients (49%) received exclusive CRT, and nine
patients (17%) received chemotherapy alone.
Patient follow-up

At the time of the last follow-up, 35 of 53 patients (66%) were alive without evidence of
disease, 10 patients (19%) were alive with disease, and eight patients (15%) had died
from the disease. During the study period, progression or recurrence occurred in 13 patients (24%), and the median times to recurrence and progression were 9 months
(range, 7–44 months) and 5 months (range, 2–11 months), respectively. Pelvic recurrence was observed in four patients, and extrapelvic recurrence (lung, liver, and cerebral metastases) was documented in three patients. The median time to death in
patients who had died from the disease was 11 months (range, 5–32 months).
Relationship between imaging parameters and clinicopathological factors

All patients had increased FDG uptake in the cervical tumours detected at PET/CT
(n = 53) (Figs. 1 and 2), and all patients who had also undergone MRI (n = 51) had a
measurable cervical lesion depicted at MRI (Figs. 1 and 2). Metabolic FDG-PET/CT quantifications of the cervical lesions yielded median SUVmax, MTV, and TLG values of 17.3
(range, 4.2–51.3), 30 mL (range, 2–314 mL), and 246 g (range, 6–2417 g), respectively
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Fig. 1 A 51-year- old woman with FIGO stage IVA cervical cancer with highly FDG avid cervical tumour
encircled (arrows in a, b and c) yielding a MTV of 313, TLG of 2416 and SUVmax of 16. The T2-weighted MR
images show a cervical mass (arrows in d, e and f) extending into the bladder and with parametrial growth
causing bilateral hydronephrosis. This patient died from disease two years and nine months after primary
diagnosis. (a: Axial PET/CT, b: Coronal PET/CT, c: Sagittal PET/CT, d: Sagittal T2-weighted MRI, e: Axial
T2-weighted MRI and f: Coronal T2-weighted MRI)

(Table 2). The MRI-LD was 44 mm (range, 9–112 mm), and the MRI-TV was 25 mL
(range, 0.3–310 mL; Table 2). All metabolic tumour parameters from PET/CT (SUVmax,
TLG, and MTV) were positively correlated with the tumour size parameters from MRI
(MRI-LD and MRI-TV), yielding rs ≥ 0.29 and P ≤ 0.04 for all correlations (Table 3).
Among the metabolic tumour parameters, TLG was the most positively correlated with
the MRI-based tumour size parameters (rs ≥ 0.77 and P < 0.001 for both; Table 3).
Furthermore, high values of MTV, TLG, MRI-LD, and MRI-TV were associated with
high clinical FIGO stage (P ≤ 0.005 for all), whereas no significant association was observed between the SUVmax and FIGO stage (P = 0.315; Table 3).

Relationship between FDG-PET/CT imaging parameters and clinicopathological factors

All patients had increased FDG uptake in the cervical tumours detected at PET/CT (n = 53)
(Figs. 1 and 2). Metabolic FDG-PET/CT quantifications of the cervical lesions yielded

Fig. 2 A 47-year- old woman with FIGO stage IIB cervical cancer with FDG avid cervical tumour encircled
(arrows in a, b and c) yielding a MTV of 20, TLG of 170 and SUVmax of 16. The T2-weighted MR images
show a cervical tumour (arrows in d, e and f) and corresponding diffusion-restriction in b800 DWI (g) and
ADC map (h). This patient was alive with no signs of cervical cancer at follow-up date nine months after
primary treatment. (a: Axial PET/CT, b: Coronal PET/CT, c: Sagittal PET/CT, d: Sagittal T2-weighted MRI,
e: Coronal T2-weighted MRI and f: Axial T2-weighted MRI)
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Table 2 Median (range) tumour values of FDG-PET/CT and MRI parameters
Variable

Median

Range

SUVmax

17.3

4.2–51.3

MTV, mL

30

2.0–314

TLG, g

246

6.0–2417

MRI LD, mm

44

9.0–112

MRI TV, mL

25

0.3–310

ADC, 10−6 mm2/s

715

491–1020

ADC Apparent diffusion coefficient, MRI-LD Longest diameter of the tumour measured by magnetic resonance imaging,
MRI-TV Tumour volume measured by magnetic resonance imaging, MTV Metabolic tumour volume, SUVmax Maximum
standardised uptake value and TLG Total lesion glycolysis

median SUVmax, MTV, and TLG values of 17.3 (range, 4.2–51.3), 30 mL (range, 2–314 mL),
and 246 g (range, 6–2417 g), respectively (Table 2). Furthermore, high values of MTV, TLG,
were associated with high clinical FIGO stage (P ≤ 0.005), whereas no significant association
was observed between the SUVmax and FIGO stage (P = 0.315; Table 3).

Relationship between MRI imaging parameters and clinicopathological factors

All patients who had also undergone MRI (n = 51) had a measurable cervical lesion
depicted at MRI (Figs. 1 and 2). The MRI-LD was 44 mm (range, 9–112 mm), and the
MRI-TV was 25 mL (range, 0.3–310 mL; Table 2). Additionally, high values of
MRI-LD, and MRI-TV were associated with high clinical FIGO stage (P ≤ 0.005).

Relationship between FDG-PET/CT and MRI imaging parameters

All metabolic tumour parameters from PET/CT (SUVmax, TLG, and MTV) were positively correlated with the tumour size parameters from MRI (MRI-LD and MRI-TV),
yielding rs ≥ 0.29 and P ≤ 0.04 for all correlations (Table 3). Among the metabolic
tumour parameters, TLG was the most positively correlated with the MRI-based
tumour size parameters (rs ≥ 0.77 and P < 0.001 for both; Table 3).

Table 3 Correlation between PET/CT parameters, MRI parameters and FIGO stage
Variable SUVmax TLG
rs
SUVmax

p

a

rs

MTV
a

p

rs

MRI-LD
a

p

rs

0.66 < 0.001 0.46 < 0.001 0.29

MRI-TV
a

p

rs

0.040 0.36

ADC
a

p

rs

FIGO
a

p

rs

p*

0.010 −0.18 0.34 0.14 0.32

TLG

0.89 < 0.001 0.77 < 0.001 0.82 < 0.001 0.10

0.60 0.43 0.001

MTV

0.72 < 0.001 0.74 < 0.001 0.21

0.26 0.38 0.005

MRI-LD

0.96 < 0.001 0.16

0.38 0.48 < 0.001

MRI-TV

0.18

0.33 0.45 < 0.001

ADC

0.22 0.24

FIGO
a

Spearman’s bivariate correlation test
Significant p values (< 0.05) are given in bold
ADC Apparent diffusion coefficient, FIGO International Federation of Gynaecology and Obstetrics, MRI-LD Longest
diameter of the tumour measured by magnetic resonance imaging, MRI-TV Tumour volume measured by magnetic
resonance imaging, MTV Metabolic tumour volume, SUVmax Maximum standardised uptake value and TLG Total
lesion glycolysis
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Relation between ADCmean and quantitative FDG-PET/CT and MRI parameters or FIGO stage

The median tumour ADCmean value was 715 × 10− 6 mm2/s (range, 491–1020 ×
10− 6 mm2/s) in the subgroup of patients who had undergone DW-MRI (n = 30;
Table 2). No significant correlations were observed between the tumour ADCmean
and the other imaging parameters or FIGO stage (Table 3).

Cutoff value of imaging parameters for predicting progression/recurrence

Among the derived imaging parameters, SUVmax yielded the lowest area under curve
(AUC) with AUC = 0.67 (P = 0.06), whereas MTV and TLG yielded the highest AUC
with AUC = 0.80 (P < 0.001) and AUC = 0.76 (P < 0.006), respectively, for predicting recurrence or progression (Fig. 3). For MRI-LD and MRI-TV the corresponding figures
were AUC = 0.69, P < 0.044 and AUC = 0.69, P < 0.047, respectively.
The optimal cervical lesion cutoff values for SUVmax, MTV, TLG, MRI-LD, and
MRI-TV for predicting recurrence/progression were 16.0, 56.7 mL, 412 g, 37.5 mm,
and 36.2 mL, respectively.

Survival analysis

MTV ≥ 56.7 mL, TLG ≥ 412 g, advanced FIGO stage (≥IIIA) and MRI-TV ≥ 36.0 mL
were significantly associated with progression/recurrence-free survival in univariable
analyses (P = 0.004, P = 0.002, P = 0.004, and P = 0.022, respectively; Table 4). The corresponding Kaplan–Meier survival curves based on MTV (≥ 56.7 mL vs < 56.7 mL) and

Fig. 3 Receiver operating characteristic curve analyses of MTV, TLG, MRI-LD and MRI-TV values for
predicting progression and recurrence
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Table 4 Univariable and multivariable cox-regression analyses for PET-CT and MRI parameters and
FIGO stage for predicting progression/recurrence free survival in cervical cancer patients
Variables

95% CI

P-value

HR

SUVmax

≥ 16.0 vs. < 16.0

4.2

0.5–32.9

0.17

MTV

≥ 56.7 mL vs. < 56.7 mL

7.8

2.1–29.5

0.002

7.8

1.2–47.6

0.025

TLG

≥ 412 g vs. < 412 g

6.9

1.8–26.0

0.004

7.5

0.7–80.7

0.09

FIGO stage

≥ III A vs. < II B

6.9

1.8–26.47

0.004

5.5

1.3–23.0

0.020

MRI LD

≥ 37.6 vs. < 37.6.0

5.2

0.6–40.4

0.11

MRI TV

≥ 36.0 mL vs. < 36.0 mL

4.6

1.2–17.0

0.022

0.6

0.1–4.1

0.66

Univariable

HR

95% CI

P-value

Test of Progression/
Recurrence free survival

Multivariable

Significant p-values are given in bold for univariable and multivariable analysis
FIGO International Federation of Gynaecology and Obstetrics, MRI-LD Longest diameter of the tumour measured by
magnetic resonance imaging, MRI-TV Tumour volume measured by magnetic resonance imaging, MTV Metabolic tumour
volume, SUVmax Maximum standardised uptake value and TLG Total lesion glycolysis

FIGO stage (≥IIIA vs ≤ IIB) are given in Fig. 4. Lesion SUVmax ≥16.0 and
MRI-LD ≥ 37.6 mm did not significantly predict progression/recurrence-free survival (P = 0.17 and 0.11, respectively; Table 4).
In the multivariable model of the significant parameters, MTV and TLG were included in two separate models, as these two parameters are inherently strongly
correlated with each other (since TLG is derived from MTV). High MTV
(≥56.7 mL; hazard ratio (HR) = 7.8; P = 0.025) and advanced FIGO stage (≥IIIA;
HR = 5.5; P = 0.020) were the only factors independently predicting poor prognosis
in the multivariable analyses, whereas MRI-TV (≥ 36.0 mL; HR = 0.6; P = 0.65) and
TLG (≥ 412 g; HR = 7.5; P = 0.093) did not reach statistical significance (Table 4).

Discussion
In this study, we have demonstrated the prognostic value of metabolic tumor parameters based on preoperative FDG-PET/CT in cervical carcinoma and found that these
imaging parameters are reflected in clinical staging parameters. We found that high
MTV independently predicts poor prognosis in cervical cancer patients. MTV is thus a
very promising imaging biomarker, potentially aiding in prognostication and treatment
planning in uterine cervical cancer.

Fig. 4 Kaplan-Meier survival curves of progression/recurrence according to FIGO stage (a) and MTV 56.7 (b)
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In this study, we found the optimal cutoff value of MTV for prognostication to be
56.7 mL. This is somewhat in line with recently published literature. Chung et al.
(2011) reported that preoperative MTV ≥ 23.4 mL independently predicted poor survival in cervical cancer patients stage IB–IIA who were treated with radical surgery,
and that high MTV was associated with advanced FIGO stage, parametrial involvement, and lymph node metastases. Recently, Hong et al. (2016) evaluated the prognostic value of MTV in patients with cervical cancer treated with definitive
chemoradiotherapy. In their study, MTV > 47.8 mL was found to significantly predict
reduced recurrence free survival.
Lai et al. (2017) compared FDG PET/CT metabolic features and MRI features in cervical
cancer. This very recent study reported a very strong association between MTV and anatomical tumour volume (based on T2W MRI) and suggested MTV as a promising imaging
biomarker, superior to DW-MRI-based features. In our study, MTV was not only correlated with lesion size but also with FIGO stage, whereas SUVmax in the primary tumour
was not significantly associated with FIGO stage. MTV represents the entire tumor volume
being metabolically active whereas SUVmax represents the single tumor voxel exhibiting
the highest SUV. This may explain our finding that MTV seems superior to SUVmax in
reflecting the true tumour burden and also for predicting FIGO stage in cervical cancer.
Interestingly, high SUVmax of the primary tumour also failed to predict reduced progression/recurrence free survival (P = 0.133) in cervical cancer patients. This finding is
in line with previously published studies. Yoo et al. (2012) reported that the SUVmax of
the primary tumour was not correlated with recurrence-free survival. In addition, they
suggested MTV as a better predictor of prognosis than other FDG-PET parameters.
Similar results were reported by Akkas et al. (2013), who stated that the tumour SUVmax was not an independent prognostic factor for predicting disease recurrence in patients with inoperable cervical cancer. In another recent study, Crivellaro et al. (2012)
prospectively analysed 69 cervical cancer patients with FIGO stage IB1-IIA and found
that SUVmax of the primary tumor did not predict recurrence in early stage cervical
cancer. Moreover, a recent study demonstrated that SUVmax of the primary tumor was
not found to be predictive of overall survival (P = 0.233) (Chong et al., 2015). Hence,
findings from these reports and the present study illustrate that although tumour SUVmax is widely used as a prognostic marker for several malignancies, it has obvious limitations that may be due to several factors. First, SUVmax refers to the single highest
metabolic voxel, which may not be representative of the metabolic activity of the entire
tumour. Second, larger tumours are not necessarily more metabolically active than
smaller tumours. Third, the calculated tumour SUVmax is inherently dependent on several technical aspects (image reconstruction method, iterative algorithm, and PET scanner) and biological factors (serum glucose levels and body weight) that may reduce the
transferability of proposed cutoff values between patients and scanners.
MRI is the mainstay for staging of pelvic tumours and DW-MRI is increasingly
employed to characterise the tumour microenvironment and tumour microstructure.
Tumour ADC values derived from DW-MRI have been shown to yield functional information about tumour tissue and to be negatively correlated with tumour cellularity.
Furthermore, since tumour ADC values are typically lower than those of adjacent
healthy tissues, DW-MRI may aid in tumour delineation, tumour characterisation, and
evaluation of treatment response (Le Bihan, 2013).
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In the present study, no association was observed between tumour ADC and SUVmax
values or between the ADC and MTV or TLG values. Regarding the overall correlations
between these parameters, the literature describes inconsistent results for the association
between the ADC and absolute SUVmax values derived from stand-alone MRI and separate hybrid PET/CT scanners. Brandmaier et al. (2015) evaluated the possible correlation
between the ADC and SUVmax values in patients with primary (n = 14) and recurrent tumours (n = 17) of the cervix uteri. They identified a significant inverse correlation between
the ADCmean and SUVmax values (r = − 0.53, P = 0.05) in primary tumours and recurrent
local tumours (r = − 0.74, P = 0.002). Similarly, Grueneisen et al. (2014) investigated the
potential correlation between the SUVmax and ADCmean values in primary and recurrent
cervical cancer and confirmed a significant inverse correlation (r = − 0.62, P < 0.05). However, Ho et al. (2009) reported no association between the pretreatment SUVmax and
ADCmean values in primary cervical cancer (n = 33). Furthermore, care must be taken
while reporting ADC values because ADC quantification is dependent on the chosen
b-values, scanner geometry, tissue perfusion, and field strength (Kallehauge et al., 2010).
In the era of radiomics, the spectra and complexity of image based quantitative measurements are rapidly increasing. Assessments of tumour heterogeneity, in different imaging modalities, have gained a lot of attention. In cervical cancer, Lucia et al. (2018)
recently presented a pretreatment risk stratification model based on FDG-PET/CTand MRI-based measurements, in which grey level non-uniformity in PET images and
entropy in ADC maps were independent prognostic factors. Although further validation is needed, such findings pinpoint that traditional tumour measurements might be
outperformed – and eventually replaced by radiomics approaches.
Given the complexity of the female pelvic anatomy, hybrid PET/MRI allows simultaneous imaging exclusively in which the two modalities are truly synergistic, which allows
better understanding of tumor biology and morphology. In a recent study by Queiroz et
al. (2015) on various gynecological cancer patients (n = 26), the authors concluded that the
T-staging accuracy by FDG-PET/MRI was superior to that of PET-CT (P < 0.001). Also
Kitajima et al. (2014) found that fused PET/MRI outperformed PET/CT with corresponding accuracies of 83.3 and 53.3, respectively, for T-staging in cervical cancer (n = 30). Similarly, Nakajo et al.(2010) reported that fused PET/MRI was superior to PET/CT for the
cervical cancer detection and delineation. PET/MRI does also have a very promising role
for assessing therapeutic response and for detecting disease recurrence (Sarabhai et al.,
2018). Interestingly, hybrid PET/MRI imaging also increases the radiologists’ diagnostic
confidence in detecting gynecological malignant lesions when compared to FDG-PET/CT
or stand-alone MRI (Grueneisen et al., 2014; Beiderwellen et al., 2014).
Thus, the potential advantages of PET/MRI in a clinical setting are 1) better understanding of tumor biology and morphology; 2) better characterization of tumour and
its adjacent structures aiding to distinguish nodal involvement from physiologic metabolic activity within normal structures; 3) improved local staging accuracy due to superior soft tissue contrast; 4) better detection of metastatic disease by DWI in organs
having high FDG-PET background uptake (e.g. brain and liver); and 5) reduction in radiation dose exposure (by omitting CT) in a vulnerable patient population. To this end,
hybrid PET/MRI imaging seems to be highly feasible and favourable in gynaecological
cancer patients. However, the full potential of this relatively new imaging modality
needs to be further investigated in future large prospective clinical trials.
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This study has some limitations. First, this is a retrospective study with a limited
number of patients, particularly those with DW-MRI measurement. Second, the
follow-up duration was relatively short. Third, our study population was heterogeneous,
with patients having different clinical FIGO stages and undergoing different treatment
modalities. However, we evaluated the potential of pretreatment prognostic biomarkers,
which are by definition independent of any treatment received. Finally, the fact that the
MRI protocols and particularly the DW-MRI were not standardized in our study may
have limited the evaluation of DW-MRI; however reflecting a routine setting not interfering with the diagnostic work-up in cervical cancer.
Furthermore, we used a commercially available automated tumour-delineating software algorithm. Therefore, the MTV measurement method in this study is likely to be
reliable and reproducible, although not tested for inter- or intraobserver reproducibility,
and may be easily employed in the clinical setting. Validation of the results of the
present study in independent patient populations is, however, necessary before generalisations can be made. Prospective clinical studies with a larger number of patients and
with longer follow-up periods will be needed to validate the present findings.

Conclusion
In conclusion, this study demonstrated that in patients with cervical cancer, pretreatment large primary tumour MTV derived from FDG-PET/CT is an independent prognostic biomarker predicting reduced progression/recurrence-free survival and an
aggressive tumour phenotype. PET/CT based MTV measurements may help clinicians
identify high-risk cervical cancer patients that may be candidates for more frequent
follow-ups or more aggressive treatment strategies in future clinical trials.
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